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Abstract. The multiple actions of sterol carrier protein-2
(SCP-2) in intracellular lipid circulation and metabolism
originate from its gene and protein structure. The SCP-
x/pro-SCP-2 gene is a fusion gene with separate initiation
sites coding for 15-kDa pro-SCP-2 (no enzyme activity)
and 58-kDa SCP-x (a 3-ketoacyl CoA thiolase). Both pro-
teins share identical cDNA and amino acid sequences for
13-kDa SCP-2 at their C-termini. Cellular 13-kDa SCP-2
derives from complete, posttranslational cleavage of the
15-kDa pro-SCP-2 and from partial posttranslational
cleavage of 58-kDa SCP-x. Putative physiological func-
tions of SCP-2 have been proposed on the basis of en-
hancement of intermembrane lipid transfer (e.g., choles-
terol, phospholipid) and activation of enzymes involved in
fatty acyl CoA transacylation (cholesterol esters, phos-
phatidic acid) in vitro, in transfected cells, and in geneti-
cally manipulated animals. At least four important SCP-2
structural domains have been identified and related to spe-
cific functions. First, the 46-kDa N-terminal presequence
present in 58-kDa SCP-x is a 3-ketoacyl-CoA thiolase
specific for branched-chain acyl CoAs. Second, the N-ter-
minal 20 amino acid presequence in 15-kDa pro-SCP-2
dramatically modulates the secondary and tertiary struc-
ture of SCP-2 as well as potentiating its intracellular tar-
geting coded by the C-terminal peroxisomal targeting se-
quence. Third, the N-terminal 32 amino acids form an am-
phipathic a-helical region, one face of which represents a
membrane-binding domain. Positively charged amino
acid residues in one face of the amphipathic helices allow
SCP-2 to bind to membrane surfaces containing anionic
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phospholipids. Fourth, the hydrophobic faces of the N-ter-
minal amphipathic a helices along with B strands 4, 5, and
helix D form a ligand-binding cavity able to accommodate
multiple types of lipids (e. g., fatty acids, fatty acyl CoAs,
cholesterol, phospholipids, isoprenoids). Two-dimen-
sional 'H-'SN heteronuclear single quantum coherence
spectra of both apo-SCP-2 and of the 1:1 oleate-SCP-2
complex, obtained at pH 6.7, demonstrated the homoge-
nous formation of holo-SCP-2.

While comparison of the apo- and holoprotein amide fin-
gerprints revealed about 60% of the resonances remain-
ing essentially unchanged, 12 assigned amide residues
underwent significant chemical-shift changes upon oleic
acid binding. These residues were localized in three re-
gions: the juncture of helices A and B, the mid-section of
the B sheet, and the interface formed by the region of
strands 4, 5, and helix D. Circular dichroism also showed
that these chemical-shift changes, upon oleic acid bind-
ing, did not alter the secondary structure of SCP-2. The
nuclear magnetic resonance chemical shift difference
data, along with mapping of the nearby hydrophobic
residues, showed the oleic acid-binding site to be com-
prised of a pocket created by the face of the f sheet, he-
lices A and B on one end, and residues associated with
strands 4, 5, and helix D at the other end of the binding
cavity. Furthermore, the hydrophobic nature of the previ-
ously ill-defined C-terminus suggested that these 20
amino acids may form a ‘hydrophobic cap’ which closes
around the oleic acid upon binding. Thus, understanding
the structural domains of the SCP-x/pro-SCP-2 gene and
its respective posttranslationally processed proteins has
provided new insights into their functions in intracellular
targeting and metabolism of lipids.
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Sterol carrier protein-2 determines function
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Background

Sterol carrier protein-2 (SCP-2), also called nonspecific
lipid transfer protein, is the most prominent member of a
family of ubiquitous, lipid-binding proteins broadly dis-
tributed in eukaryotes, including mammals [review in
refs 1—-4], birds [5], yeast [6], and plants [7—10]. SCP-2
has postulated functions in both cholesterol and fatty
acid metabolism. SCP-2 binds cholesterol [11] and in
vitro assays, transfected cells, and animal studies suggest
that SCP-2 functions in cholesterol uptake [2, 12,
16-20], intracellular transport [21], esterification [22,
23], and oxidation [24—26]. In addition, SCP-2 has been
suggested as necessary for cholesterol formation and in-
corporation into lung surfactant [27], for secretion of
newly synthesized cholesterol into bile [28], and for se-
cretion of primarily lipoprotein derived cholesterol into
bile [29, 30].

SCP-2 has also been found more recently to bind fatty
acids and fatty acyl CoAs, and it participates in their me-
tabolism. Human SCP-2 and plant SCP-2 homologues [7]
have high affinity (K, =0.2—-0.4 pM) [15, 31] for normal
[14,32-34] and branched chain [34] fatty acids. Both hu-
man SCP-2 and plant SCP-2 homologues [7] also bind
fatty acyl CoAs, the metabolically activated forms of
fatty acids, with as much as 100-fold higher affinity (K,
=3—4 nM) than for fatty acids [15, 31]. SCP-2 functions
in the uptake, oxidation, and esterification of fatty acids.
It stimulates microsomal fatty acyl CoA transacylation to
cholesterol esters [review in refs 2, 4, 23] and phospha-
tidic acid in vitro [35]. Overexpression of SCP-2 in mice
infected with adenovirus containing the cDNA encoding
rat SCP-2 resulted in 70% increased liver levels of total
cholesterol and 60% decreased liver cholesterol synthe-
sis [36]. Studies with transfected cells [17, 22, 35] and
gene-ablated mice [15] indicate that SCP-2 and poten-
tially other SCP-x/pro-SCP-2 gene products are involved
in triacylglyceride formation. SCP-x and potentially
other SCP-x/pro-SCP-2 gene products also participate in
peroxisomal fatty acid oxidation [15, 37, 38]. The SCP-2
homologue in yeast [6] is induced by fatty acids.

SCP-2 levels are altered in a number of diseases where
lipid metabolism is abnormal, including diabetes, Zell-
weger, Niemann Pick C (NPC), and atherosclerosis.
Streptozotocin-induced diabetes in rats decreased liver
levels of 13-kDa SCP-2 by 60—-90% [39], and ovarian
levels by 60% [40]. Reduced 13-kDa SCP-2 expression
in the pregnant, diabetic rat was associated with preg-
nancy loss [41]. Zellweger patients are deficient in per-
oxisomes, exhibit no detectable 15-kDa pro-SCP-2 or 13-
kDa SCP-2, and are deficient in very long chain fatty acid

oxidation [rev. in refs 42, 43]. NPC1 disease, in which
cholesterol accumulates in liver lysosomes and Golgi, is
characterized by a mutation in the NPC protein, markedly
reduced levels of hepatic 13-kDa SCP-2, and accumula-
tion of lipids in lysosomes and Golgi [44]. Macrophages
form cholesterol ester-rich foam cells upon treatment
with acetylated low-density lipoproteins, 25-hydroxy-
cholesterol, or acyl-CoA:cholesterol acyltransferase in-
hibitors [18]. Foam cells exhibit increased mRNA encod-
ing 13-kDa SCP-2 and increased 13-kDa SCP-2 protein
[18]. SCP-2 is involved in the transport of cholesterol
from the endoplasmic reticulum to bile [30]. Both SCP-2
[28, 29, 45, 46] and SCP-x participate in different aspects
of bile acid synthesis [47—49]. In summary, altered cel-
lular levels of SCP-2 are associated with a variety of ab-
normalities in the trafficking and intracellular utilization
of cholesterol and other lipids.

Although the primary structure of the SCP-x/pro-SCP-2
gene products and their posttranslational modified pro-
tein is now beginning to be understood [2, 11, 14, 31-34,
50, 51] much less is known regarding the specific sec-
ondary/tertiary protein structural domains that determine
posttranslational processing, intracellular targeting,
membrane interaction, and ligand binding/specificity of
SCP-2 [reviews in refs 2, 52].

SCP-x/pro-SCP-2 gene structure and mRNA
transcripts

A single structural SCP-x/SCP-2 gene, comprised of 16
exons and 15 introns, has been reported in humans [53,
54], mice [15], rats [55], and chickens [5] (fig. 1). The
SCP-x/pro-SCP-2 gene contains two promoter regions
that initiate transcription of four types of mRNA. The N-
terminal promoter region of the SCP-x/pro-SCP-2 gene
gives rise to two mRNA transcripts, both of which en-
code the 58-kDa SCP-x translation product: 2.8 kb
mRNA and alternatively polyadenylated 2.2 kb mRNA.
A second promoter region in the interior of the SCP-
x/SCP-2 gene gives rise to an additional two mRNAs,
both of which encode the 15-kDa pro-SCP-2 translation
product: 1.5 kb mRNA and alternatively polyadenylated
0.9 kb mRNA.

SCP-x/pro-SCP-2 mRNA translation products
are posttranslationally modified

Both SCP-x and pro-SCP-2 contain the complete 13-kDa
SCP-2 in their C termini [24, 55—-61]. Posttranslational
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Figure 1. The SCP-x/pro-SCP-2 gene encodes two 13-kDa SCP-2
precursors.

proteolysis of either protein gives rise to the 13-kDa SCP-
2. First, the 58-kDa SCP-x is partially cleaved by post-
translational proteolysis of the N-terminal 1-404 amino
acids (3-oxoacyl-CoA thiolase) from the C-terminal
amino acid residues 425—547 which appear to be identi-
cal to 13-kDa SCP-2 [17, 62, 63] (fig. 1). However, the
majority of 58-kDa SCP-x remains intact in most tissues.
Second, the 15-kDa pro-SCP-2 protein translation prod-
uct undergoes complete posttranslational processing (re-
moval of the N-terminal 20 amino acids) to yield the ma-
ture 13-kDa SCP-2 (C-terminal 123 amino acids) in most
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tissues and cells [reviews in refs 2, 16] (Fig. 1). Incom-
plete cleavage has been observed, but only rarely [24, 64].
The interrelationships of the primary amino acid se-
quences of these proteins are summarized in figure 2. Be-
cause of this complexity, caution must be exercised in the
types of antisera used for detecting these proteins in cells
and tissues [review in ref. 2]. Western blotting with anti-
13-kDa SCP-2 reveals only the 58-kDa SCP-x and 13-
kDa SCP-2 in all tissues and almost all cell lines tested.
In contrast, Western blotting with antisera raised against
the 58-kDa SCP-x detects the 58-kDa SCP-x, the 46-kDa
thiolase protein, and the 13-kDa SCP-2. Finally, Western
blotting with antisera raised against peptides derived
from the N-terminal 404-amino acid polypeptide region
of the 58-kDa SCP-x detect only 58-kDa SCP-x and the
46-kDa thiolase protein.

Tertiary and secondary structure of unliganded
SCP-x/pro-SCP-2 gene translation products

The physiological function(s) of SCP-x/pro-SCP-2
gene translation products are based on knowledge of
the tertiary and secondary structure of the protein. This
has proven to be especially important with regard to
the role of the 20-amino acid N-terminal presequence
in 15-kDa pro-SCP-2 [51]. While almost nothing is
known regarding the tertiary or secondary structure of
the 58-kDa SCP-x and the 46-kDa thiolase, high-resolu-
tion nuclear magnetic resonance (NMR) structures are
available for pro-SCP-2 and SCP-2, while an X-ray
structure (1.8 A resolution) has been reported for 13-kDa
SCP-2.

N C
I 547 a.a. 'I
58 kDa SCP-X AKL
(THIOLASE - SCP-2) 13 KDa SCP-2
13 kDa SCP-2

15 kDa pro-SCP-2

‘4—123 a.4 A-" 4\

13 kDa SCP-2,

'4—143aa"'

Figure 2. Primary amino acid sequence interrelationships between the 58-kDa SCP-x, 15-kDa pro-SCP-2, and SCP-2.
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NMR spectroscopy

An elegant series of recent NMR studies have significantly
contributed to our understanding of the tertiary and sec-
ondary structure of human apo-SCP-2 in aqueous solution
[65, 66]. With the exception of the N-terminal residues
1—-7 and C-terminal residues 117—123, which are flexibly
disordered, the remainder of the protein is comprised of a
fold formed by a five-stranded f sheet and four « helices.
Computer modeling of the NMR-based structure of human
apo-SCP-2 indicated a globular, slightly ellipsoidal protein
with an axial ratio of 1.2—1.4 [65, 66].

The two-dimensional (2D) 'H-['*N]-heteronuclear single
quantum coherence (HSQC) spectrum of apo-'>N-SCP-2
at pH 6.7 is shown in figure 3 A. Excluding side chain
amides and amines, 93 of 118 possible backbone amides
were observed. By comparison to the previously assigned
HSQC spectra of human apo-SCP-2 at pH 6 [65], very
good agreement and overlap existed with the present
HSQC data of apo-SCP-2 obtained at pH 6.7, indicating
that little or no structural change can be detected in the pH
range of 6—6.7. This resulted in the unambiguous assign-
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ment of 86 of the 93 NH cross-peaks. The remaining 7
cross-peaks could be assigned only to pairs of overlapping
NH resonances. Finally, 18 NH cross-peaks, originating
primarily from the C- and N-terminal ends were not ob-
served at all under these conditions. In rabbit [66], but not
human [65], apo-SCP-2, the putative lipid-binding site is
covered by the C-terminal polypeptide segment 105—123.
In the presence of ligand, the human holo-SCP-2 lipid
binding site is uncovered [65].

Because the 15-kDa pro-SCP-2 is completely cleaved to
the 13-kDa SCP-2 by posttranslational proteolysis in all
tissues and almost all cells studied, relatively little atten-
tion has been paid to resolving the structure of this pro-
tein. The NMR structure of rabbit apo-15-kDa pro-SCP-
2 was recently compared to that of human apo-13-kDa
SCP-2 [67]. Based on nuclear Overhauser effects
(NOEs), the conclusion was drawn that all secondary
structures present in human SCP-2 are also present in
rabbit SCP-2 and that there was no difference in the struc-
ture between these proteins. In contrast, when the struc-
ture of human apo-15-kDa pro-SCP-2 was compared di-

A. Apo b =
- o oy g
- o My <
- & i ﬁ =
&5 o
| ‘i:‘-: P - - S
o= = =
- S e ™ e <8
- e . o hh‘h S8
" ! it o . i
= ] z - o =
- % ol -
I#‘ ™~ - "y —
- TEey - = =
- ey . :
- - 2
9.0 B.0 7.0
{ppml
B. Oleate = =
- - :5 _I‘:_?
= - a6 -
- a2 g =
= bt ) [ pe——
- - - :
- - ' = ) L=}
e = =" - L
2a - :. s T =R
= &= t — &
- T iz L i-’. o = = &
- 5 A
57 pateill T S e - ot ..J- = ﬁ?:.
- =
s ] E ‘- ) = .:5"2
- -y FOT . - . T
e o a8 '_'“. )
- a5 = B ” =
= P 2
- -
T T T
9.0 B.0 T 0

IH (ppml

Figure 3. 500-MHz 'H-['*N]-HSQC spectra '*N-labeled SCP-2. (4) Spectrum obtained from apo-SCP-2, with the amino acid residue as-
signments indicated based on those described earlier [65]. (B) Spectrum of the holoprotein obtained from the 1:1 complex of [1-3C]-
oleate:SCP-2 at pH 6.7. The numbered cross-peaks represent only those assigned residues which have shifted significantly (see text for

complete details).
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rectly with that of human apo-13-kDa SCP-2, the struc-
tures of these proteins revealed by other techniques dif-
fered significantly. The presequence dramatically altered
the secondary structure of SCP-2, as ascertained by cir-
cular dichroism such that the human apo-15-kDa pro-
SCP-2 exhibited threefold less o helix and sevenfold
more fstructure than the human apo-13-kDa SCP-2 [51].
The presequence also significantly altered the tertiary
structure of SCP-2 as ascertained by carboxypeptidase
A/mass spectroscopy and antibody accessibility. The hu-
man apo-15-kDa pro-SCP-2 exhibited a sixfold more re-
active C terminus to carboxypeptidase A than that of hu-
man apo-13-kDa SCP-2. The human apo-15-kDa pro-
SCP-2 also had twofold less binding of anti-13-kDa
SCP-2 antibodies and did not enhance sterol transfer
from plasma membranes as compared to human apo-13-
kDa SCP-2 [51]. The functional significance of the dra-
matically greater accessibility of the C-terminal AKL per-
oxisomal-targeting sequence in the apo-15-kDa pro-SCP-
2 relates to the crucial role of the N-terminal domain of
the protein in regulating the exposure of the C-terminal
peroxisomal-targeting site of the protein [51]. This was
confirmed by immunofluorescence confocal microscopy
of cells transfected with the cDNAs encoding the 15-kDa
pro-SCP-2 versus the 13-kDa SCP-2 [51]. These impor-
tant differences were not revealed by NMR spectroscopy.
The basis for the different conclusions is not known, but
may be related in part to the following fact. (i) The rabbit
SCP-2 differs by three residues (Gly*, Leu®®, Lys!?) as
compared to human SCP-2 (Ser*, Phe®®, Asn'?). (ii) The
SCP-2 concentration range for NMR studies is in the
millimolar range while that for fluorescence and circular
dichroism is several orders of magnitude lower. The phys-
iological concentration of SCP-2 ranges from 1 to 40 pM,
depending on the tissue examined [2]. (iii) The NMR
studies did not resolve the structures of the N- and C-ter-
minal amino acid residues in either rabbit pro-SCP-2 or
human SCP-2. Sequential "N and 'H backbone reso-
nances were assigned to 105 out of 143 amino acid
residues in the rabbit pro-SCP-2, with the N-terminal 20
amino acids as well as some of the C-terminal amino
acids being flexibly disordered [67]. Likewise, sequential
5N and 'H backbone resonances were assigned to amino
acids 8—116 in the 123-amino acid human SCP-2
polypeptide, with the N-terminal residues 1—7 as well as
C-terminal residues 117—123 being flexibly disordered
[65, 66]. These results clearly indicate the importance of
comparing the structure of apo-15-kDa pro-SCP-2 with
that of apo-13-kDa SCP-2 by means of multiple tech-
niques, each of which may offer additional insights.

X-ray crystallography
The rabbit recombinant apo-SCP-2 has been crystallized
[68] and its X-ray crystal structure reported at 1.8-A res-
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olution [69]. The X-ray structure confirms the unique o/ 8
fold obtained by NMR spectroscopy (see above). The
crystal structure of the rabbit apo-SCP-2 shows that the
core of the protein forms a five-stranded S sheet flanked
by five a helices [69]. The N-terminal helical region is
characterized by a long a helix, right-angle turn, o helix
motif that leads into a structurally well-defined extended
B sheet. This f sheet is comprised by the first three f
strands in the primary sequence, in an antiparallel con-
figuration, followed by a short polypeptide sequence that
transverses across the back of these three strands thus al-
lowing the fourth S strand to run parallel to the first.
Computer modeling suggested that a hydrophobic tunnel-
like cavity, formed by the C-terminal polypeptide com-
prising residues 114—124, part of the 8 sheet, and four of
the a helices, may form a putative ligand-binding site in
the rabbit apo-SCP-2 [69].

While both X-ray and NMR studies agree that the overall
structure of apo-SCP2 may be depicted as a globular pro-
tein in which a five stranded f sheet comprises one face
and helices the other, they differ in several important
points. The X-ray structure of crystalline rabbit apo-SCP-
2 defines two «a helices within the 25-residue loop be-
tween strands IV and V. In contrast, the NMR solution
structure of human apo-SCP-2 defines only one a helix
within the 25-residue loop between strands IV and V, a re-
gion previously poorly defined in the initial NMR struc-
ture. After the short, f strand V, the C terminus ends with
one final a helix that transverses across the f sheet back
toward helix A. However, there are substantial differences
in both the position and size of the final helix in the X-ray
and NMR structures. In the X-ray structure of rabbit apo-
SCP-2, the final a helix (F) starts almost immediately af-
ter B strand V (104—113), while in the NMR structure of
human apo-SCP-2, the last helix (D) was found to be es-
sentially one turn (112—115).

Circular dichroism

Circular dichroism results showed that 28—32% of SCP-
2 is a helix [31, 70, 71], consistent with the above NMR
data showing that 35 amino acid residues (28 % of apo-
SCP-2) comprise the four a helices [72]. The remainder
of the SCP-2 secondary structure was comprised of about
21% B sheet, 25% f turn, and 21 % random coil [31].

Fluorescence

By taking advantage of the fact that 13-kDa SCP-2 con-
tains only a single Trp residue (amino acid position 50)
and no tyrosines, the intrinsic fluorescence properties of
Trp* could be utilized to ascertain the location of the
Trp* and the overall shape, and hydrodynamic radius of
13 kDa SCP-2 [31;50]. Steady state fluorescence emis-
sion spectra as well as Stern-Volmer quenching (acry-
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lamide and iodide) studies revealed that the Trp*° was lo-
cated in a hydrophobic locus. According to time-resolved
fluorescence spectroscopy of Trp*°, 13-kDa SCP-2 (iso-
lated from bovine liver) exhibited a rotational correlation
time of 15 ns [50]. In contrast, phase- and modulation-re-
solved fluorescence spectroscopy of Trp*® in human re-
combinant 13-kDa SCP-2 showed a significantly smaller
rotational correlation time near 7.8 ns, consistent with
SCP-2 being a globular protein with a hydrodynamic ra-
dius 0f 20.5 A, diameter 41 A [31]. This rotational corre-
lation time was in agreement with that obtained by NMR,
7.0 ns [66]. Likewise, this diameter of SCP-2 was consis-
tent with that determined by photon correlation spec-
troscopy (laser light-scattering technique), 36.0+1.2 A
[14]. This latter diameter was consistent with SCP-2 be-
ing a monomeric, slightly ellipsoidal protein. Further-
more, this diameter was in good agreement with that ob-
tained by fluorescence phase and modulation fluorome-
try, 41 A [31]. Since dimers of the human SCP-2 showed
a rotational correlation time of 15.7 ns, the discrepancy
between these studies was concluded as being due to
SCP-2 dimer formation at the concentrations used for the
studies with bovine SCP-2 [31].

Stability of apo-13-kDa SCP-2 structure

Human apo-SCP-2 is relatively stable to temperature- and
solvent-induced unfolding, as shown by the following:
temperature-induced transition at 70.5°C, solvent-in-
duced transition at 0.82 M guanidine hydrochloride,
Gibbs energy of 15.5 kJ/mol for unfolding at 25°C [73].
Although the NMR structure of human [65] and rabbit
[67] apo-SCP-2 have been reported, these NMR studies
utilized pH 6.0 to resolve the structure of apo-SCP-2.
This pH is far from ideal for investigating SCP-2 interac-
tions with fatty acid ligands. First, an acidic pH near 6.0
results in near complete dissociation of the naturally oc-
curring fatty acids, oleic acid and stearic acid, from holo-
SCP-2 [33]. In contrast, oleic acid binding in the holo-
SCP-2 occurs exclusively at a 1:1 molar stoichiometry at
pH 6.7 [33]. Second, SCP-2-mediated ligand transfer be-
tween membranes is inhibited by acidic pH [74]. There-
fore, circular dichroism was used to resolve if the effects
of low pH were due to pH-dependent conformational
changes in apo-SCP-2 structure. Representative circular
dichroic spectra of human apo-SCP-2 taken over the pH
range 4.5—7.5 are shown in figure 4 A, indicating little
change with pH. Likewise, analysis of these and addi-
tional circular-dichroic spectra at intermediate pHs (fig.
4B) indicated that apo-SCP-2 exhibited about 26 % «a he-
lix, 5% 3, helix, 18% B strand, 12% p turn, 5% poly(L-
proline) II type 3, helix, with the remainder as other
structures. Reducing the medium pH from 7.5 to 4.5 had
no effect on apo-SCP-2 secondary structure (fig. 4B).
Additionally, comparison of 'H-"N HSQC data taken of
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Figure 4. Effect of acidic pH on circular dichroic spectra of human
apo-SCP-2. SCP-2 concentrations were 4 pM in 10 mM NaH,PO,/
Na,HPO, or 10 mM citric acid/ Na,HPO,. (4) Closed circles, pH
7.5; open circles, pH 5.5; inverted triangles, pH 4.5. (B) H, a helix;
G, 3, helix; E, B strand; T,  turn; P, poly(L-proline)II type 3, he-
lix; O, other.

apo-SCP-2 at pH 6.7 and pH 6.0 (not shown) were nearly
superimposable. Taken together, these data suggested that
apo-SCP-2 did not undergo significant changes in sec-
ondary structure in the pH range between 6 and 6.7, and
would therefore not complicate comparison of studies
performed at pHs different from that for optimal (pH 6.7)
binding of naturally occurring fatty acids to SCP-2.

Tertiary and secondary structure of the liganded
SCP-x/pro-SCP-2 gene translation products

Almost nothing is known regarding the ligand-binding
sites of 58-kDa SCP-x or the 46-kDa thiolase. In contrast,
SCP-2 has broad ligand specificity (binding fatty acids,
fatty acyl CoAs, phospholipids, and sterols) and recent
data show that pro-SCP-2 also binds most of these li-
gands.
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Fatty acid-binding site: NMR

Compared to the fluorescence and circular-dichroic ap-
proaches, NMR techniques require the use of 3000-fold
and 150-fold, respectively, higher SCP-2 concentrations
(>0.3 mM) and correspondingly higher fatty acid con-
centrations to examine the SCP-2 fatty acid/fatty acyl
CoA-binding site(s). C-NMR spectroscopy of stearic
acid showed that this fatty acid bound to human SCP-2
with 1:1 stoichiometry (fatty acid: protein) [14, 33]. The
observation of a single fatty acid-binding site (with
stearic acid) by NMR was consistent with fluorescence
studies showing only a single binding site for fluorescent
fatty acids [reviews in refs 31, 32, 52]. Fluorescent fatty
acyl CoAs also bound at only a single binding site in
SCP-2 [review in ref. 32]. In contrast, 3C-NMR spec-
troscopy of oleic acid and oleoyl CoA showed that these
ligands both bound to human SCP-2 with 2:1 stoichiom-
etry [14, 33]. Binding of ligand at both sites increased the
size distribution of SCP-2, determined by photon corre-
lation spectroscopy, by 11% from 36.0 = 1.2 to 40.0 +
1.0 A (p<0.05) to make the protein slightly more ellip-
soidal [14]. Although the basis for the discrepancy in the
number of binding sites determined by fluorescence and
NMR (i.e. at least for stearic acid) versus NMR studies of
oleate and oleoyl CoA binding to SCP-2 is not known, it
appears associated with the high concentrations of pro-
tein and/or ligand needed for NMR studies. For example,
a similar discrepancy has been observed with another
fatty acid-binding protein, where additional fatty acid-
binding sites were obtained with NMR studies as op-
posed to fluorescent fatty acid or isothermal titration
calorimetry measurements of fatty acid binding to L-
FABP [75].

Specificity of the [1-13C]-oleic acid binding to human
SCP-2 was examined using a [1-'3C]-oleic acid-SCP-2
complex in which both fatty acid sites were saturated
[14]. Displacement was detected by monitoring the *C
signal for SCP-2-bound [1-*C]-oleic acid versus free [1-
B3CJ-oleic acid upon addition of increasing unlabeled
oleoyl CoA or cholesterol. Oleoyl CoA completely dis-
placed both equivalents of SCP-2-bound [1-'*C]-oleic
acid. In contrast, cholesterol displaced only one equiva-
lent of SCP-2-bound [1-"*C]J-oleic acid. This suggested
that while the two oleic acid-binding sites in SCP-2 also
bound oleoyl CoA, only one oleic acid/oleoyl CoA-bind-
ing site also bound cholesterol.

To resolve the orientation of the fatty acid in the human
SCP-2 binding site (the carboxylate oriented in the inte-
rior of the SCP-2 binding pocket or with the carboxylate
of the fatty acid oriented to the surface opening), '3C-
NMR spectroscopy and pH titrations were performed
with SCP-2-bound 1-1*C-stearic acid and 1-!3C-oleic
acid. Both fatty acids were bound to SCP-2 with the car-
boxylate near the surface of the protein [33]. This orien-
tation was confirmed by repeating the study with fatty
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acid labeled at its methyl terminal, e.g., [18-13C]-stearic
acid, for which pH changes over the same range did not
shift the *C signal of the SCP-2-bound [18-!3C]-stearic
acid. It should be noted that, while a preliminary study
from our laboratory suggested earlier that the secondary
structure of SCP-2 was significantly dependent on pH be-
low pH 7 [33], the data in figure 4 clearly showed that the
secondary structure of SCP-2 was not altered over the pH
range 4.5-7.5.

As indicated above, under NMR conditions, SCP-2 ex-
hibits as much as two fatty acid-binding sites, depending
on the type of fatty acid. Furthermore, the two sites differ
in ligand specificity. One site accommodates only fatty
acids and fatty acyl CoAs, while the other site accommo-
dates not only fatty acids and fatty acyl CoAs but also
molecules such as cholesterol that have a larger cross-
sectional area than does a fatty acid. This situation creates
difficulty in using NMR spectroscopy to identify the spe-
cific amino acid residues comprising each of these fatty
acid-binding sites. A portion of the residues comprising
the rabbit SCP-2 fatty acid-binding site(s) were identified
by examining 16-doxylstearic acid-induced shifts in the
5N signals of specific amino acid residues in the rabbit
holo-*"N-SCP-2 polypeptide chain (containing bound 16-
doxylstearic acid) [66]. The nitroxide spin label bleaches
(line broadening) residues within a 5-A range. Most af-
fected by the nitroxide spin label were amino acid
residues located in helices A and C, the loop linking he-
lix C and f strand V, and the C-terminal polypeptide seg-
ment 110—123. Trp>® was not affected, consistent with
this amino acid being distant (40 A) from the fatty acid-
binding site [34]. These observations were used to con-
struct a model of the binding site — a tunnel-like cavity
lined almost exclusively by hydrophobic amino acids.
Modeling by comparison with the known structure of hu-
man apo-""N-SCP-2 suggested that in the unliganded rab-
bit apo-SCP-2, the lipid-binding site was covered by the
C-terminal segment 105—123 [66].

While the above results represent the first data showing
several of the SCP-2 amino acid residues within 5 A of
the 16-doxylstearic acid nitroxide group, there are several
concerns regarding the use of the 16-doxylstearic acid to
probe the fatty acid-binding site structure of SCP-2. (i)
Unlike naturally occurring fatty acids, 16-doxylstearic
acid is dipolar, i.e., polar moieties are located near both
ends of the alkyl chain. Dipolar fatty acids (e. g., hexade-
canedioic acid) bind sixfold less effectively and with the
polar carboxylate oriented into the binding pocket of hu-
man holo-SCP-2 [33]. In contrast, physiologically signif-
icant and naturally occurring fatty acids (oleic acid and
stearic acid) orient with the carboxylate at the surface of
the protein [33]. Which orientation 16-doxylstearic acid
adopts in the rabbit holo-SCP-2 is unclear. (ii) The 16-
doxylstearic acid was bound to rabbit SCP-2 at pH 6.0
[66], a pH at which naturally occurring fatty acids (oleic



200 N. J. Stolowich et al.

acid and stearic acid) are almost completely dissociated
from human SCP-2 [33]. (iii) Since the chain length of
16-doxylstearic acid is about 18 A, the spin label
quenches and provides only a partial (about 1/3) view of
the amino acids comprising the fatty acid-binding site. It
does not reveal which SCP-2 amino acid residues interact
with the carboxyl half of the fatty acid chain. (iv) The 16-
doxylstearic acid may not bind to SCP-2 at a single site.
Although SCP-2 binds [1-!3C]-stearic acid at a single site,
SCP-2 has two ligand-binding sites, only one of which
binds naturally occurring fatty acids with high affinity at
pH 6.7 [14]. Which binding site(s) 16-doxylstearic acid
interacts with in rabbit holo-SCP-2 is not clear and the
binding stoichiometry of SCP-2 for 16-doxylstearic acid
was not reported.

To confirm that the 16-nitroxide stearate-binding site
characterization actually reflected that of a naturally oc-
curring fatty acid, oleic acid, advantage was taken of the
apo-SCP-2 insensitivity to pH and its high degree of se-
lectivity for the 1:1 oleate: SCP-2 complex near pH 6.7.

Preparation of holo-SCP-2 with bound

naturally occurring ligand

Escherichia coli expressing SCP-2 was grown in M9
minimal medium (supplemented with 2 g/l glucose, | mM
(MgSO,, 0.1 mM CaCl,, 10 mg/l thiamine and 100 mg/
1 ampicillin) at 37°C until the optical density at 600 nm
of the bacterial suspension became 0.6. Then, isopropyl
thio-b-D-galactoside IPTG (0.5 mM final concentration)
was added to induce protein synthesis and '"N-labeled
ammonium sulfate (1 g/l) was added as a source of nitro-
gen. The bacterial cells were then further grown at 37 °C
for 3 h, then '"N-labeled SCP-2 was purified as previ-
ously described for unlabeled SCP-2 [76], modified as
follows: Bacterial cells were lysed with a French press in
10 mM potassium phosphate buffer, pH 6.8, containing
2 mM dithiothreitol (DTT) and ImM EDTA as well as
complete TM protease inhibitor cocktail (as recom-
mended by the manufacturer) plus pepstatin A (0.3 mg/
100 ml). Cell debris was removed by centrifugation at
14,000 g for 20 min. The supernatant was placed on a
Sephadex G-25 column and eluted. The SCP-2-enriched
protein fractions were further resolved on a Mono S col-
umn from which PN-SCP-2 and a few other positively
charged contaminants were eluted with a gradient of 0—
1 M NaCl. Fractions containing N-SCP-2 were col-
lected, concentrated by ultrafiltration and resolved on a
Sephadex G-50 column to yield protein over 95 % pure as
assayed by Coomassie Blue staining of tricine-SDS-poly-
acrylamide gels [77]. Stock solutions of apo-'*N-SCP-2
were prepared and subjected to several buffer exchanges
in NMR buffer 20 mM KH,PO,, 4 mM perdeuterated
DTT (DTT-d,), 0.1 mM EDTA, 50 pM PMSE, pH 6.7
containing 10% D,0] employing a 3 ml stirred cell (YM5
membrane; Amicon) as described earlier for apo-SCP-2
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[33]. Samples of "'N-SCP-2 bound with one equivalent of
[1-13CJ-oleic acid were prepared in similar fashion to the
apoprotein, except on the final buffer exchange, when
1 mM sodium [I-13CJ-oleate was added to the NMR
buffer, and after a 30-min incubation, the solution was
concentrated to 0.5 ml resulting in a final *"N-SCP-2 con-
centration of 1.5 mM. 3C-NMR height and linewidth
analysis of the enriched C-1 signal originating from the
bound [I-'*C]-oleate [33] indicated that [I-'*C]-oleate-
’N-SCP-2 complexes prepared in this fashion repro-
ducibly contained 1 equivalent of bound [I-'3C] oleate
with little (<10%) free [I-'3C]-oleate present. Five hun-
dred-mega Herz 'H-["'N]-HSQC spectra of 2 mM human
SCP-2 (20 mM KP buffer, 4 mM DTT-d,,, pH 6.7) were
recorded at 30 °C on a Bruker ARX-500 NMR spectrom-
eter in a 5-mm inverse probe. 2D "H-["'N]-HSQC spectra
were obtained using a modified Bruker TPPI sequence
employing DANTE suppression of the solvent water
peak. Typically, 512 (t,) x 128 (t,) matrices were col-
lected. The raw data were processed using either X WIN-
NMR (Bruker) or FELIX (MSI) software via zero filling
and linear prediction of the "N dimension to 256 points
and apodization with Gaussian function in both dimen-
sions. Peak picking and data analysis were accomplished
using FELIX.

2D 'H-['5N]-HSQC spectrum of 1:1 oleic acid:
I5SN-SCP-2 complex

Taking advantage of the insensitivity of apo-SCP-2 to pH
described above [33] allowed not only determination of
the L:I oleate:'’N-SCP-2 structure but also permitted di-
rect comparison with the apo-'>N-SCP-2 NMR structure
also obtained at pH 6.7 (fig. 3 A). The 2D 'H-["N]-HSQC
spectrum of 1:1 oleate: 'N-SCP-2 complex at pH 6.7 (fig.
3B) was found to be homogenous, with linewidths com-
parable to those of the apoprotein, indicating that a uni-
form, tight-binding complex between oleate and '“N-
SCP-2 had been obtained. Excluding side chain NH
cross-peaks, 112 of 118 cross-peaks were identified (20
more than in the case of the apoprotein) suggesting a
more ordered structure relative to the apo-SCP-2.

Comparison of the chemical shift differences
between apo and holo 'SN-SCP-2

Careful comparison of the amide nitrogen ‘fingerprints’
(table 1, fig. SA) of the apo-""N-SCP-2 and holo-"*N-
SCP-2 forms as well as comparison of the amide proton
“fingerprints’ (fig. 5B) of the apo-'>N-SCP-2 and holo-
SN-SCP-2 forms allowed determination of the effect of
oleate binding on the overall structure of SCP-2. Approx-
imately 1/3 of the observed cross-peaks fell into the type
I assignment category, i.e., amino acid residues in which
little or no significant chemical shift differences were ob-
served between apo-'"N-SCP-2 and holo-""N-SCP-2 con-
taining bound oleate. These peaks varied less than one
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Table 1. Effect of oleic acid binding on backbone amide chemical shifts of human SCP-2.

Residue AH AN Type! Effect? Secondary?
Lys8 nd nd 111 helix A
Ala9 -0.04 0.11 11 * helix A
Asnl0 -0.02 0.18 I helix A
Leull nd nd 111 helix A
Vall2 0.01 0.21 1 helix A
Phel3 nd nd 111 helix A
Lys14 nd nd 111 helix A
Gluls -0.06 0.26 11 * helix A
Ilel6 nd nd 111 helix A
Lys18 0.02 0.08 1 helix A
Lys19 nd nd 1 helix A
Leu20 0.01 0.16 I helix A
Glu2l 0.03 0.20 1 helix A
Glu22 -0.05 -0.15 11 * helix A
Glu23 -0.07 -0.08 II * helix B
Gly24 0.05 0.11 11 * helix B
Glu25 -0.09 -0.58 11 wkx helix B
GIn26 nd nd 111 helix B
Phe27 -0.09 -0.58 11 wkE helix B
Lys29 nd nd 1 helix B
Lys30 0.01 -0.04 I helix B
Ile31 nd nd 111 helix B
Gly32 -0.08 -0.17 11 *k strand |
Gly33 —0.04 -0.25 I * strand [
1le34 0.03 0.10 1 strand I
Phe35 0.01 -0.05 1 strand |
Ala36 nd nd I strand I
Phe37 0.03 0.67 11 wok strand I
Lys38 -0.07 -0.15 11 * strand [
Val39 0.01 0.13 I strand |
Lys40 —-0.04 -0.06 1 strand |
Asp4l -0.03 0.03 1

Gly42 0.00 0.20 I helix C
Gly45 0.00 0.05 1 helix C
Lys46 -0.01 0.01 1 helix C
Glu47 nd nd 11

Ala48 -0.05 0.02 11 * strand I1
Thr49 nd nd 111 strand IT
Trp50 —-0.01 0.40 II * strand 11
Val52 0.07 0.28 11 * strand I1
Asp53 —0.00 0.25 1 strand 11
Val54 nd nd 111 strand 11
Lys55 0.31 0.52 11 Riookon

Asn56 -0.01 0.15 1

Lys58 nd nd 111

Gly59 -0.03 0.16 1

Val61 -0.04 -0.18 11 * strand III
Leu62 -0.01 -0.10 I strand IIT
Asn64 nd nd 111

Ser65 0.01 -0.03 1

Asp66 nd nd 111

Lys67 -0.05 -0.22 11 *

Lys68 -0.02 0.13 1

Ala69 -0.03 0.03 I

Cys71 -0.12 0.45 11 *x strand [V
Thr72 0.01 1.01 11 *k strand IV
Ile73 -0.02 0.01 I strand IV
Thr74 0.01 -0.26 1 strand IV
Met75 nd nd 111 strand IV
Ala76 -0.02 0.07 I strand IV
Asp77 0.02 0.09 1 helix D
Ser78 0.00 -0.19 1 helix D
Asp79 0.05 0.18 II * helix D
Phe80 -0.25 0.62 11 HokwAK helix D

Leu8l -0.12 -0.27 II ok helix D
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Table 1 (continued)
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Residue AH AN Type! Effect? Secondary?
Ala82 nd nd 111 helix D
Leu83 nd nd 111 helix D
Thr85 0.08 -0.48 11 *x helix D
Gly86 0.00 0.64 1I *

Lys87 -0.07 0.07 1I *

Met88 -0.03 0.38 I

Ala93 -0.04 -0.12 1 helix E
Gly97 -0.03 -0.03 1

Leu99 -0.03 0.04 I

Lys100 nd nd 111 strand V
Tle101 nd nd 11 strand V
Thr102 0.04 0.30 11 * strand V
Leul07 nd nd 111 helix F
Alal08 0.13 0.03 1I *ok helix F
Met109 0.00 —0.11 I helix F
Lys110 nd nd 111 helix F
Leulll nd nd 11 helix F
Asnll3 nd nd 111 helix F
Leull4 nd nd 111

GInl15 nd nd 11

Leull6 -0.08 -0.22 11 *

Leul23 0.03 0.07 1

! Assignment types as described in the text.

2 ¥ to ¥#*** represent the number of standard deviation (SD = linewidth) shifts on binding oleate.

3 Secondary structure as determined in X-ray analysis [39].

peak width, i.e., either partially or totally overlapping the
original peak position. Next, approximately 1/3 of the
cross-peaks fell into the type II assignment category,
comprising amino acids that experienced moderate to
significant chemical shift differences (more than one
linewidth SD) between the apo- and holo-'*N-SCP-2
forms. Finally, the last third of cross-peaks fell into the
type III assignment category characterized by either ab-
sent peaks or peaks shifted in a crowded area in which
their assignment was no longer possible. The key amino
acid shifts in holo-SCP-2 containing bound oleic acid are
also shown in ribbon diagram form in figure 6 A. To il-
lustrate the potential hydrophobic binding surface, the
side chains of the adjacent hydrophobic residues are in-
cluded in figure 6B.

Computer modeling of holo-SCP-2 based on
comparison of the chemical shift differences

between apo and holo 'SN-SCP-2

As shown above, the NMR data demonstrated that human
holo-SCP-2 complexed in stoichiometric fashion with a
naturally occurring fatty acid, oleic acid, and exhibited lo-
calized, but not global, structural changes. In comparing
the observed chemical shift differences between apo-'>N-
SCP-2 to that of holo-'"N-SCP-2 containing bound oleate,
and then relating these changes to primary and secondary
structure, the following observations were made.

The region with the highest degree of overall conserved
structure encompassed the sequence between residues

34-77. This region, comprised of B strands -1V and «
helix C, scored the highest number of cross-peaks that did
not significantly shift on binding oleate (type I), while
having also the fewest number of type II and type III
cross-peaks. Only amino acids Phe’’, Lys®’, Cys’!, and
Thr”?> showed medium or large chemical differences on
binding oleate. These significantly shifted residues are
highlighted in black in the space-filling cartoon diagram
of SCP-2 (fig. 7A) which represents a qualitative model
based on NMR structural data presented here and earlier
[65].

Two regions accounted for the highest number of cross-
peaks experiencing mid and large chemical shift changes
associated with binding. The first of these two regions be-
gan at the end of helix A and ran through the beginning of
B strand I, with the largest variance in a helix B, particu-
larly Glu® and Phe?’. Helix A also displayed a high num-
ber of type III cross-peaks, peaks which could not be as-
signed after binding oleate. The second region that expe-
rienced a high frequency of mid and large chemical shift
differences was essentially the entire sequence between
residues 79—90. This region, whose tertiary structure in
the human apo-SCP-2 was previously not defined by
NMR [65], is composed primarily of  helix D as defined
in the X-ray structure.

Essentially the entire remaining holo-SCP-2 C-terminus
beyond Lys'® underwent significant changes and con-
tains the highest number (18) of residues that could not be
assigned. Once again, this region was not defined in the
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Figure 5. Chemical shifts in 500-MHz 'H-['*N]-HSQC spectra of "N-labeled SCP-2 upon oleic acid binding. Plot of chemical shift dif-
ference between apo-SPC-2 and oleate-SPC2 complex versus residue number for the amide nitrogens (4) and the amide protons (B) de-
rived from the 2D HSQC spectra shown in figure 4.
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Figure 6. Backbone ribbon representation of apo-SCP-2, with the
residues that undergo significant chemical shift changes on binding
oleate highlighted in black. (B) As in (4), however with the side
chains of the adjacent hydrophobic residues included to illustrate
the potential hydrophobic binding surface.

initial NMR structure [65], indicating that the C terminus
of the apo-SCP-2 is highly disordered in solution.
Finally, the circular dichroic spectra of SCP-2 and the re-
lative proportions of the respective secondary structures
resolved by this method were basically unaltered in the
presence of oleic acid. These data would indicate that the
above NMR-based alterations were due to alterations in
tertiary structure and/or local alterations not detectable
by circular dichroism.

These results, when taken together with the recent refined
3D structures of the apoprotein determined by NMR and
X-ray analysis [65, 66, 68, 69], and secondary structure
determined by circular dichroism [31, 70, 71] suggest the
following model of fatty acid ligand binding.

First, the planar structure of the extended f sheet motif of
apo-SCP-2 remained unperturbed by binding of oleate.

Sterol carrier protein-2 determines function

Figure 7. Space-filling model of oleic acid placed within the puta-
tive fatty acid-binding site of SCP-2. (4) Placement of oleic acid
within the binding cavity of SCP-2 formed by the S sheet in the
background and helix A in the foreground. The undefined C termi-
nus is shown pointing towards the top of the figure, away from the
binding cavity. (B) The C terminus has been modeled to close on the
top of the binding cavity. The orientation of the fatty acid depicted
has its terminal methyl end to the left hand side (helix A-turn-helix
B), while the carboxylate is at the right hand side, near helix C.

This is suggested by the observation that relatively few
amide resonances in this region had undergone signifi-
cant chemical shift perturbations. On the other hand, most
of the ar-helical structures of SCP-2 appear to be sensitive
to the binding of oleate, leading to the following binding
site proposal. The extended fatty acid-binding site is en-
visioned to begin in the pocket formed by the end of he-
lix A, helix B, and the short loop connecting strand I. This
was further supported by the observation that most of the
amide cross-peaks with the greatest shifts were clustered
in these areas. For example, Glu?® and Phe?” in helix B un-
derwent substantial changes, along with minor changes at
residues 32 and 33 (fig. 6A). Quite interestingly, this
pocket (formed by helix A and B and the beginning of j
strand I and the end of strand II) was comprised of pri-
marily hydrophobic amino acids. For example, the se-
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quence between Phe?” and Phe®” is comprised of all non-
polar residues, with the exception of the two lysines at po-
sitions 29 and 30. These two lysines lie at the back of he-
lix B and hence face away from the pocket, toward out-
side solvent. Moreover, the nearby adjacent sequence of
B strand 11 contained three valines (amino acids 51, 52,
and 54) which could participate in the hydrophobic bind-
ing pocket. The impact of the number of hydrophobic
residues near the proposed binding cavity is illustrated in
figure 6B, in which the side chains of key hydrophobic
residues (alanine and larger) were added to the backbone
ribbon structure depicted in figure 6 A. Additionally, a
second particularly hydrophobic region of nonpolar
residues was found at the beginning of helix A, extending
several hydrophobic residues into the proposed binding
pocket. Furthermore, many assignments in helix A were
‘lost’ upon binding oleate, suggesting movement of helix
A, perhaps closing upon binding oleate.

Second, the fatty acid-binding site then transverses away
from helix A, across S strands II and III and presumably
exits into the area of strands IV and V. This was the sec-
ond region of highly clustered, significantly shifted
residues that were observed on binding oleate. Notable
changes in this region include Cys’' and Thr’?, which
neighbors Asp” (fig. 6 A). Both residues 70 and 71 have
been implicated as being essential for lipid transfer activ-
ity in site-specific mutagenesis studies [72]. Not surpris-
ingly, residues 71—76 are once again comprised of non-
polar amino acids.

Third, there was an indication that the region just after
strand IV which contains helices C, D, and E, may un-
dergo a significant conformational change as suggested
by minor or major chemical shift differences in every
cross-peak from residue 78 (the start of helix D in the rab-
bit structure) to residue 88 (fig. 6A). In the previous
NMR structure of the apo-SCP-2, the 3D structure of this
region (and location of helix D) was not solved, indicat-
ing that the region between residues 78—100 was confor-
mationally mobile. The fact that large backbone amide
chemical shifts in helix D and ensuing residues 85—88
were observed on binding oleate, and that helix D was
comprised of essentially all hydrophobic residues, sug-
gested that this region may have reoriented or closed
around the ligand. In the X-ray structure of the apopro-
tein, Met® along with nearby Phe?” and Ile'® form the ba-
sis of the entrance of a hydrophobic tunnel. Additionally,
Met# was proposed to rotate to open up the tunnel. Alter-
natively, the NMR data suggest that helix D may be mo-
bile enough to move sufficiently to expose the hydropho-
bic tunnel.

Fourth, the last 20 amino acids, which had scored the
highest number of type III ‘non’ assignments, were found
to be composed primarily of hydrophobic and uncharged
residues. This led to the speculation that the C terminus
may reorient itself around the fatty acid ligand, thus pro-
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viding hydrophobic contacts. The C-terminal ‘cap’ ap-
pears much more disordered in the solution structure than
in the crystal, lending further support for this model. This
hypothesis is shown in figure 7B, illustrating the poten-
tial fit of this hydrophobic ‘cap’ around the previously
exposed end of the ligand (fig. 7A). This model also
leads to the prediction of orientation of the bound oleic
acid in the binding pocket. As shown in figure 7B, the
oleic acid methyl terminal end is buried in the hydropho-
bic pocket formed by residues originating from strands II
and III, helices A and B, along with the C-terminal ‘cap’
thus leaving the oleic acid carboxylate exposed near the
juncture of strands IV and V. This orientation allows for
the solvent accessibility of the carboxylate previously
demonstrated by pH titration [33] and for interaction with
one of the nearby basic residues, Lys®’, Lys%, Lys!%
Arg®'. Moreover, in the case of the fatty acyl CoA ana-
logue of the fatty acid, this would predict surface binding
of the CoA moiety outside the hydrophobic cavity, per-
haps between helices E and F and toward the outside sur-
faces of B strands IV and V. Such a surface binding of the
CoA moiety of fatty acyl CoAs has previously been
shown for the intestinal fatty acid-binding protein, which
also binds both fatty acids and fatty acyl CoAs [78—80].

Fatty acid-binding site: fluorescence

Because SCP-2 was initially reported not to bind fatty
acids specifically [81], for the last decade, SCP-2 was as-
sumed not to participate in fatty acid trafficking/metabo-
lism. However, in 1995, binding of fluorescent fatty acids
to SCP-2 was found to be very sensitive to the presence
of the solvents used in the earlier assay [32, 82]. In the ab-
sence of solvent interference, SCP-2 binds naturally oc-
curring fluorescent fatty acids with high affinity, the K,
being as low as 180 nM [15, 31-34, 51, 82, 83]. In fact,
13-kDa SCP-2 isolated from recombinant bacteria con-
tains a small amount of endogenously bound fatty acid
[33]. These discoveries not only stimulated tremendous
interest in identifying potential novel physiological func-
tions of SCP-x/pro-SCP-2 gene products in fatty acid
trafficking/metabolism, but for the first time provided a
tool for examining the structure of SCP-2 containing
bound ligand (see below). Fluorescence spectroscopy and
circular dichroism require very low concentrations of
SCP-2 protein (near 0.1 pM for fluorescence, near 2 pM
for circular dichroism) to analyze the fatty acid-binding
site. Since cellular unesterified fatty acid levels are near
20 pM [84] and cellular SCP-2 concentrations are be-
tween 1-40 pM [85], these techniques are ideal for ex-
amining fatty acid-SCP-2 interactions and properties of
the fatty acid-binding site (microenvironment) under
physiological conditions and where potential ligand
aggregation and/or protein dimerization are largely
avoided.
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The spectral properties several fluorescent fatty acids
proved useful in demonstrating that (i) fatty acid was
specifically bound to SCP-2 rather than just co-aggre-
gated with the protein, and (ii) SCP-2 Trp>® was in close
proximity to bound fatty acid. Because the fluorescence
emission of tryptophan overlaps with the absorbance of
cis-parinaric acid, fluorescence resonance energy transfer
(FRET) was used to demonstrate that human SCP-2 Trp*°
was located 40 A from the fatty acid fluorophore [34].
The SCP-2 bound NBD-stearic acid was located in a very
hydrophobic binding pocket with a dielectric constant
near 2. This was much more hydrophobic than that sensed
by NBD-stearic acid bound to other cytosolic proteins
that bind fatty acids, e. g., L-FABP with a fatty acid-bind-
ing site dielectric constant near 24 [32]. The orientation
of SCP-2-bound fluorescent cis-parinaric acid was exam-
ined by comparing displacement with dicarboxylic (hexa-
decanedioc acid) versus monocarboxylic (hexadecanoic
acid) acids [33]. The displacement efficiency of the di-
carboxylic fatty acid was about sixfold less than that of
the monocarboxylic fatty acid, consistent with the NMR
data indicating that the fatty acid preferentially binds to
human SCP-2 with the carboxylate oriented to the surface
opening of the SCP-2 binding pocket. However, weaker
binding of fatty acid in the opposite orientation appeared
possible.

The limiting anisotropy (measures order) of the naturally
occurring fluorescent cis- and trans-parinaric acids
bound to human SCP-2 was 0.335 + 0.001 (equivalent to
a wobbling cone angle of 18°) and 0.365 + 0.001 (equiv-
alent to a wobbling cone angle of 12°), respectively [31].
Thus, the straight-chain fluorescent fatty acid (trans-pari-
naric acid, a saturated fatty acid analogue) was signifi-
cantly more ordered than the kinked-chain fluorescent
fatty acid (cis-parinaric acid, an unsaturated fatty acid
analogue) within the SCP-2 fatty acid-binding site.

The rotational correlation time of fluorescent fatty acids
measures the mobility of the fatty acid within the binding
site. Cis-parinaric acid and trans-parinaric acid bound to
human SCP-2 had a rotational correlation time of
7.51£0.12 ns and 8.43 £0.22 ns, respectively [31].
Likewise, pyrenyl-dodecanoic acid bound to bovine SCP-
2 exhibited a rotational correlation time of 7 ns [83].
These data show that the bound fluorescent fatty acids ro-
tated with a correlation time indistinguishable from that
of the entire SCP-2 protein rotation, 7.8 = 0.6 ns [31].
Taken together with the anisotropy data, these results
show that SCP-2-bound fatty acid, so highly ordered and
motionally restricted, rotates with the same rate as the en-
tire hydrated protein.

Both circular dichroism and fluorescence were used to ex-
amine if fatty acid binding altered the secondary and/or ter-
tiary structure of human SCP-2. Circular dichroic spectra
of SCP-2 were not significantly altered by oleic acid, indi-
cating that fatty acid binding did not alter SCP-2 overall
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secondary structure fractions [31]. The effect of oleic acid
on the circular dichroic spectra of SCP-2 was determined
as described above. The circular dichroic spectra of holo-
SCP-2 complexed with oleic acid were not grossly altered
compared to that of apo-SCP-2 (fig. 8 A). Analysis of these
spectra further revealed that oleic acid did not significantly
alter the proportion of any of the apo-SCP-2 secondary
structural components including the « helix, 3,, helix, 8
strand, B turn, poly(L-proline)ll type 3, helix, or other
structures (fig. 8 B). Thus, oleic acid binding in human
holo-SCP-2 did not alter the relative proportions of sec-
ondary structures present in human apo-SCP-2.

Fatty acyl CoA-binding site: NMR and fluorescence
Fluorescence binding studies showed that SCP-2 binds
fatty acyl CoAs [15, 31, 83] with an order of magnitude
higher affinity than fatty acids [15, 31, 83]. The human
13-kDa SCP-2 exhibits one fatty acyl CoA-binding site
as determined by fluorescence binding assays with cis-
parinaroyl CoA or trans-parinaroyl CoA [31]. In contrast,
at the much higher protein and ligand concentrations used
for NMR spectroscopy, two oleoyl CoA-binding sites
were reported [14]. The mobility of fatty acyl CoA bound
to 13-kDa SCP-2 was even more restricted than that of
the corresponding fatty acids bound to 13-kDa SCP-2.
Wobbling cone angles of bound cis-parinaroyl CoA and
trans-parinaroyl CoA, 12° and 13° respectively, were
60% smaller than those of the corresponding bound fatty
acids [31]. The limiting anisotropies of bound cis-pari-
naroyl CoA and trans-parinaroyl CoA, 0.365 and 0.361
respectively, were significantly greater (more ordered)
than the corresponding fatty acids in the SCP-2 binding
site [31]. Fatty acyl CoA binding significantly altered the
tertiary, but not secondary, structure of SCP-2. Oleoyl
CoA binding increased the rotational correlation time of
SCP-2 (determined with Trp> fluorescence) and in-
creased the hydrodynamic radius of the protein by 2 A,
but did not significantly alter the SCP-2 secondary struc-
ture as determined by circular dichroism [31]. Consistent
with fatty acyl CoA-induced altered tertiary structure of
SCP-2, the rotational correlation times of SCP-2-bound
cis-parinaroyl CoA and trans-parinaroyl CoA (8.43+0.22
and 8.82+0.08 ns, respectively) were significantly
longer than that of the apo-protein, 7.8 £ 0.6 ns [31]. As
determined by photon correlation spectroscopy, binding
of oleoyl CoA to human SCP-2 significantly increased
the hydrodynamic diameter by 4 A, from 36.0 1.2 to
40.0 = 1.0 A (p<0.05) to make the protein slightly more
ellipsoidal [14].

The 15-kDa pro-SCP-2 exhibited 2- to 5-fold lower affin-
ity, but a similar pattern, for fatty acyl CoA binding as
compared to 13-kDa SCP-2 [83].
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Figure 8. Effect of oleic acid binding on circular dichroic spectra of human apo-SCP-2. Circular dichroic spectra of recombinant human
apo-SCP-2 and holo-SCP-2 (2 pM) dissolved in 10 mM phosphate buffer, pH 7.4, were recorded as described [51]. The circular dichroic
spectra were analyzed using the program CDsstr [98, 99], using a singular-value decomposition algorithm described earlier [100]. (4)
Closed circles, 4 pM apo-SCP-2; open circles, 4 pM apo-SCP-2 + 20 uM oleic acid; triangles, 4 pM apo-SCP-2 + 40 pM oleic acid. (B)
Solid bar, 4 pM apo-SCP-2; cross-hatched bar, 4 pM apo-SCP-2 + 20 nM oleic acid; open bar, 4 pM apo-SCP-2 + 40 pM oleic acid. H,
a helix; G, 3, helix; E, f strand; T, § turn; P, poly(L-proline)II type 3, helix; O, other.

Cholesterol-binding site: fluorescence and NMR

The majority of reports showed that SCP-2 has a single
binding site for cholesterol [12, 14, 15] and a variety of flu-
orescent sterols [2, 11, 12, 14, 51, 82, 86]. Depending on
the type of assay used (direct vs competition), reported K;s
ranged from as low as 4.2 nM (direct binding assays) to
2.6 pM (competition assays). Relatively little is known
regarding the nature and structural location of the SCP-2
sterol-binding site. FRET from native rat liver SCP-2
Trp*® to bound dehydroergosterol indicated that the
Trp™ was relatively close, 13.7 A, to the dehydroergosterol
fluorophore [11], and much closer than to the cis-parinaric
acid fluorophore located 40 A from Trp%® [34]. These
differences may be explained in part by the fact that the
dehydroergosterol fluorophore is closer to the polar
head group (OH) of cholesterol than the cis-parinaric acid
fluorophore is to the polar head group (COO-) of the fatty
acid.

Phospholipid-binding site: fluorescence

SCP-2 also binds fluorescent phospholipids [87, 88] with
phosphatidylcholine (neutral charge) > phosphatidyli-
nositol (one net negative charge) > phosphatidylinosi-
tolphosphate (two net negative charges) > phosphatidyli-
nositoldiphosphate (three net negative charges) [88].
While most reports suggest only one phospholipid-bind-
ing site [50, 82, 89], certain phospholipids may bind at
two sites [82]. SCP-2-bound fluorescent phospholipid ex-
hibits a rotational correlation time of 7.4 ns, i.€., motion-
ally very restricted, and it rotates with the rotation of the
whole protein [50]. The relationship of the phospholipid-
binding site(s) of SCP-2 to the fatty acid-, fatty acyl
CoA-, and cholesterol-binding site(s) remains to be de-
termined. Since SCP-2 binds phospholipids, it should
bind both of the acyl chains present in phospholipids. By
analogy, phosphatidylcholine transfer protein is totally
different from SCP-2 in terms of sequence, but also binds
phosphatidylcholine [90, 91]. Interestingly, fluorescence
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studies demonstrated that the two fatty acyl chains of
phosphatidylcholine appear to bind in orthagonally ori-
ented hydrophobic cavities of the phosphatidylcholine
transfer protein. Although SCP-2 does not share signifi-
cant sequence homology with phosphatidylcholine trans-
fer protein, it may also have two such sites. This is sug-
gested by NMR studies showing that some *C-fatty acids
bind to SCP-2 at two sites [33], but not by fluorescence
techniques which show a single site (reviewed in ref. 52].

Function of the C-terminal amino acid residues
in SCP-x/pro-SCP-2 translation products

The C terminus of SCP-x, pro-SCP-2, and SCP-2 con-
tains a peroxisomal targeting sequence, AKL (fig. 2).
Thus, based on amino acid sequence alone, all three pro-
teins are expected to be peroxisomal. Indeed, the 58-kDa
SCP-x is almost exclusively peroxisomal [reviews in refs
2, 17]. The 15-kDa pro-SCP-2 is not detectable in almost
all tissues and cells examined. Subcellular fractionation
showed that the 13-kDa SCP-2 does not co-purify with
58-kDa SCP-2 and other peroxisomal markers, while im-
munocytochemistry demonstrated that the 13-kDa SCP-2
is present both in (about 50%) and outside peroxisomes
[reviews in refs 2, 35, 51, 52, 92].

Function of the N-terminal amino acid residues
in SCP-x/pro-SCP-2 translation products

The two types of N-terminal extensions of 13-kDa SCP-2
differ markedly in function.

The N-terminal presequence in SCP-x

The N-terminal 404 amino acid presequence present in
SCP-x is a 3-ketoacyl CoA thiolase enzyme [93-95].
SCP-x is partially posttranslationally cleaved to this 3-ke-
toacyl CoA 46-kDa thiolase (N-terminal 404 amino
acids) and 13-kDa SCP-2 deriving from the C-terminal
123 amino acids [reviewed in ref. 52]. Both the 58-kDa
SCP-x and 3-ketoacyl CoA 46-kDa thiolase co-purify
with peroxisomes and are thought to be exclusively per-
oxisomal [reviewed in ref. 52]. In contrast, the 13-kDa
SCP-2 is detected in peroxisomes, but does not co-purify
with peroxisomes, and has been shown to be both extra-
peroxisomal as well as peroxisomal [reviewed in ref. 52].

The N-terminal presequence in pro-SCP-2

Although the N-terminal 20-amino acid presequence pre-
sent in pro-SCP-2 does not in itself target SCP-2 to the
peroxisome, it is nevertheless essential for facilitating the
ability of the C-terminal AKL peroxisomal-targeting se-
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quence to target SCP-2 to peroxisomes [51]. This pre-
sequence dramatically alters the secondary and tertiary
structure of SCP-2 [51]. The pro-SCP-2 appears to be the
predominant precursor of SCP-2 [reviewed in ref. 52].

Structural/functional significance of the

N-terminal a-helical region of 13- kDa SCP-2

The mechanism whereby SCP-2 mediates the intermem-
brane transfer of various lipid species appears to require
not only a ligand-binding site, but also a membrane inter-
action site [96]. Site-directed mutagenesis studies indi-
cated that removal of the N-terminal 10 amino acids or re-
placement of Leu?® with Glu?* dramatically reduced the
SCP-2 «a helix content and abolished its lipid transfer ac-
tivity [72]. However, whether this loss of activity was due
to loss of the ligand-binding site or loss of membrane
binding was not determined. Examination of the SCP-2
amino acid sequence revealed that the N terminus con-
tained a putative amphipathic a-helical region that was
postulated to represent a membrane interaction domain
[97]. This possibility was subsequently confirmed
through use of a group of synthetic SCP-2 N-terminal
peptides along with circular dichroism and filtration as-
says [70, 71]. As indicated by increased a helix formation
and binding (filtration binding assay), SCP-2 and the
1-32SCP-2 peptide preferentially interacted with highly
curved model membranes rich in anionic phospholipids
and cholesterol. While removal of the N-terminal 10
amino acids did not inhibit the ability of the '-32SCP-2
peptide to bind to membranes and form a-helical struc-
ture, mutations in the ! -32SCP-2 peptide corresponding to
truncation of the a-helical-forming region, e. g., ' ->*SCP-
2, or disruption of the a-helical-forming region, e.g., re-
placement of Leu?® with Glu?’, reduced or inhibited mem-
brane binding and formation of «a helices [70, 71]. The
latter mutations in the intact SCP-2 protein also inacti-
vated the SCP-2 in lipid transfer assays [72]. These data
for the first time established that the N-terminal 32 amino
acids of SCP-2 represent an amphipathic « helix that is
the membrane interaction domain of the protein.

Conclusions and future perspectives

Understanding the structural features of SCP-2 is essen-
tial to resolving the multiple functions of this fascinating
protein. Several structurally related features have been
discovered. First, SCP-2 is not, in itself, directly encoded
by the SCP-x/pro-SCP-2 gene. Instead, 13-kDa SCP-2 is
a posttranslational cleavage product arising from C-ter-
minal proteolytic cleavage of the 15-kDa pro-SCP-2 and
the 58-kDa SCP-x. Second, the N-terminal presequences,
while themselves not comprising either of the known per-
oxisomal targeting sequences (PTS-1 or PTS-2), are es-
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sential for facilitating the targeting of the respective pro-
teins via the C-terminal AKL (PTS-1 targeting sequence)
to peroxisomes. Third, the N-terminal presequence of
SCP-x is a 3-ketoacyl CoA thiolase specifically involved
in the peroxisomal oxidation of branched-chain fatty
acids. Fourth, the N-terminal 32 amino acids of 13-kDa
SCP-2 represent an amphipathic a-helical domain that is
essential for interaction with anionic phospholipid-con-
taining membranes — i.e., a membrane-binding domain.
Fifth, the structure of the apo-SCP-2 has been examined
by fluorescence, NMR, and X-ray crystallography. Sixth,
SCP-2 is capable of binding both sterol and fatty
acid/acyl CoA-type ligands with high affinity. The latter
represent hitherto unrecognized potential functions of
SCP-2 in fatty acid metabolism/oxidation. The structure
of the SCP-2 fatty acid-binding site has been shown by
use of a nitroxide spin-labeled fatty acid and, as shown for
the first time here, using the most prevalent fatty acid
type occurring in nature, oleic acid. The SCP-2 oleic
acid-binding site extends from the region of the two N-
terminal o helices, through the space between o helix A
and f strand I and exits into the area of B strand IV (fig.
7). This shows that the N-terminal a-amphipathic helix
comprises not only a membrane interaction domain, as
proposed more than a decade ago [97] and recently
demonstrated [70, 71], but also forms an important part
of a domain whereby this protein binds fatty acids.

There are many unresolved issues that need to be ad-
dressed in future studies. At the gene level, the promoter
regions of the SCP-x/pro-SCP-2 are poorly understood
and relatively little is known regarding what determines
the relative proportion of 58-kDA SCP-x and 15-kDa
pro-SCP-2 mRNA transcripts and protein translation
products. Although NMR, X-ray crystallography, fluores-
cence, and circular dichroism have provided in-depth
analyses of the structure of the fatty acid-binding site in
the 13-kDa SCP-2, similar work needs to be done to re-
solve the identity of the fatty acyl CoA-, phospholipid-,
and cholesterol-binding site(s) in the 13-kDa SCP-2. An
important question will be to resolve why the NMR stud-
ies detect two ligand-binding sites (differing cholesterol
specificity, but not fatty acid or fatty acyl CoA speci-
ficity) while the fluorescence studies detect only a single
ligand-binding site. With only two publications to date on
the structure and ligand-binding site characterization of
the 15-kDa pro-SCP-2, much in-depth work needs to be
done regarding the ligand specificity and tertiary struc-
ture of these site(s) in the 15-kDa pro-SCP-2, whether
ligand-binding site occupancy determines the rate of
posttranslational proteolytic processing to the mature 13-
kDa SCP-2, and on the intracellular localization of this
proteolytic processing. Nothing is known regarding the
secondary or tertiary structure of the 58-kDa SCP-x.
Likewise, we do not yet know whether ligand-induced al-
terations in 58-kDa SCP-x, 15-kDa pro-SCP-2, and 13-
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kDa SCP-2 conformation affect the intracellular targeting
of these proteins and bound ligands.
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