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Structure and Function of the Sterol Carrier Protein-2 N-Terminal Presequence
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ABSTRACT: Although sterol carrier protein-2 (SCP-2) is encoded as a precursor protein (proSCP-2), little
is known regarding the structure and function of the 20-amino acid N-terminal presequence. As shown
herein, the presequence contains significant secondary structure and alters SCP-2: (i) secondary structure
(CD), (ii) tertiary structure (aqueous exposure of Trp shown by UV absorbance, fluorescence, and
fluorescence quenching), (iii) ligand binding site [Trp response to ligands, peptide cross-linked by
photoactivatable free cholesterol (FCBP)], (iv) selectivity for interaction with anionic phospholipid-rich
membranes, (v) interaction with a peroxisomal import protein [FRET studies of Pex5p(C) binding], the
N-terminal presequence increased SCP-2’s affinity for Pex5p(C) by 10-fold, and (vi) intracellular targeting
in living and fixed cells (confocal microscopy). Nearly 5-fold more SCP-2 than proSCP-2 colocalized
with plasma membrane lipid rafts and caveolae (AF488-CTB); 2.8-fold more SCP-2 than proSCP-2
colocalized with a mitochondrial marker (Mitotracker), but nearly 2-fold less SCP-2 than proSCP-2
colocalized with peroxisomes (AF488 antibody to PMP70). These data indicate the importance of the
N-terminal presequence in regulating SCP-2 structure, cholesterol localization within the ligand binding

site, membrane association, and, potentially, intracellular targeting.

Sterol carrier protein-2 (SCP-2)" is a ubiquitous, soluble
protein present at the highest level in tissues involved in
cholesterol uptake (intestine), oxidation (liver, steroidogenic
cells), and/or elimination (liver) (reviewed in ref 7). SCP-2
exhibits high (nanomolar Ky values) affinity for cholesterol
and also binds oxidized sterols (bile acids, cholesterol
hydroperoxides) as well as a variety of other lipids (e.g.,
fatty acids/fatty acyl CoAs, phospholipids, isoprenoids)
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(reviewed in refs / and 2). Studies in vitro and with gene-
targeted mice and rats suggest roles for SCP-2 in cholesterol
esterification, steroid hormone synthesis, 70-cholesterol
formation (bile acid precursor), and biliary secretion of
cholesterol and bile acids (reviewed in ref /). Overexpression
of SCP-2 in cultured cells enhanced cholesterol uptake,
inhibited HDL-mediated cholesterol efflux, and increased the
rate of transfer of cholesterol from plasma membranes and
plasma membrane lipid rafts and caveolae (but not nonrafts)
to endoplasmic reticulum (ER) for esterification (reviewed
in refs 7, 3, and 4). While these studies suggest potential
physiological function(s) of SCP-2 in cholesterol and fatty
acid metabolism, resolution of individual role(s) has proven
to be complex due to the presence of multiple protein
products arising from the SCP-2 gene as well as an
incomplete understanding of factors regulating their respec-
tive intracellular distributions.

Since early liver biochemical fractionation studies isolated
13 kDa SCP-2 as a soluble protein, SCP-2 was initially
thought to be primarily a cytosolic protein (reviewed in 7).
The finding that nearly half of the total SCP-2 was
membrane-associated (peroxisomes, mitochondria, endoplas-
mic reticulum) in these studies could be attributed to binding
of this basic protein (pI >8.5) to the cytofacial face of
organelle membranes (reviewed in ref /). While these studies
suggested largely a cytosolic localization of SCP-2, double
immunolabeling microscopy (confocal, EM) detected SCP-2
in the greatest amount in peroxisomes as well as significant
amounts in cytosol, mitochondria, endoplasmic reticulum,
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FIGURE 1: Secondary structure predictions for proSCP-2, SCP-2, and
four N-terminal peptides. Secondary structure predictions were per-
formed utilizing the methods of Rost et al. (53, 54). The following
protein or peptide sequences were analyzed: proSCP-2, human proSCP-
2; SCP-2, human SCP-2; ~20~*+lproSCP-2, N-terminal 20-amino acid
leader sequence of human proSCP-2; ~20~+proSCP-2, N-terminal 20-
amino acid leader sequence and N-terminal nine-amino acid sequence
of human proSCP-2; ~20~*24proSCP-2, N-terminal 20-amino acid
leader sequence and N-terminal 24-amino acid sequence of human
proSCP-2; and "'~ t2SCP-2, N-terminal 24-amino acid sequence of
human SCP-2. a represents a-helix, 8 -sheet, 0,e(?) the predicted
o-helix in the proSCP-2 leader sequence, and f,(?) the predicted
[-sheet in the proSCP-2 leader sequence. *'Trp is located within 32.
The ligand binding domain (LBD) comprises al, o3, and S1—/5.
PTS-1 (AKL) is located at the C-terminus.
and plasma membrane lipid rafts and caveolae, but not in
nuclei or lysosomes (reviewed in refs / and 5—7). The
molecular basis for targeting SCP-2 to specific membrane
organelles, especially peroxisomes and mitochondria, is not
completely clear. First, early amino acid sequencing studies
of native SCP-2 purified from bovine and rat liver did not
detect a C-terminal peroxisomal targeting sequence, while a
subsequent study detected a C-terminal AKL, i.e., peroxi-
somal targeting sequence-1 (PTS-1) in native rat liver SCP-2
(reviewed in ref 7). Second, comparison of the N-terminal
amino acid sequence of SCP-2 to mitochondrial targeting
sequences suggested that SCP-2 may be targeted to mito-
chondria (8). Third, the advent of ¢cDNA isolation and
sequencing revealed additional surprises: the SCP-2 gene
does not encode the 13 kDa SCP-2 normally found in tissues
(reviewed in ref 9). Instead, the SCP-2 gene encodes a
precursor protein, 15 kDa proSCP-2, which contains a 20-
amino acid N-terminal presequence and C-terminal AKL
peroxisomal targeting sequence-1 (PTS-1) (Figure 1). As
shown in Figure 1, the 15 kDa proSCP-2 undergoes complete
posttranslational cleavage of the N-terminal 20-amino acid
presequence to yield the mature 13 kDa SCP-2 and a 20-
amino acid peptide (reviewed in ref 9). While these cDNA-
based studies suggested that all the SCP-2 should be
peroxisomal, the biochemical fractionation and morphologi-
cal (EM, confocal) studies suggest that the N-terminal
presequence and/or posttranslational modifications of the
C-terminus of the protein modify this targeting.

Western blotting, RNA analysis, and cDNA analysis reveal
that SCP-2 is also expressed as a larger (i.e., 58 kDa) protein
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termed SCP-x (reviewed in ref 9). SCP-x is comprised of a
3-ketoacyl CoA thiolase enzyme (fused to the N-terminus
of 13 kDa SCP-2) and contains a C-terminal PTS-1. While
the 58 kDa SCP-x exhibits unique specificity for oxidizing
branched-chain fatty acids, it also facilitates cholesterol
transfer and metabolism as well as fatty acid (branched- and
straight-chain) oxidation in vitro and in vivo (reviewed in
refs 9 and /0). Unlike SCP-2, however, the 58 kDa SCP-x
is found exclusively in peroxisomes (reviewed in ref 9).
While the 58 kDa SCP-x undergoes partial posttranslational
cleavage to yield a 46 kDa thiolase, it is not clear whether
the other cleavage product is degraded or comprises mature
13 kDa SCP-2 (reviewed in ref 9). However, studies with
58 kDa SCP-x gene-ablated mice did not reveal decreased
hepatic levels of SCP-2, thereby suggesting that either 13
kDa SCP-2 must arise primarily from the alternate transcript
(15 kDa proSCP-2) or the latter is upregulated upon ablation
of 58 kDa SCP-x (4, 10). While the tertiary structure of 58
kDa SCP-x has not been resolved, the presence of the long
(46 kDa) 3-ketoacyl-CoA-thiolase enzyme fused to the
N-terminus significantly reduces but does not abolish cho-
lesterol transfer and phospholipid transfer activities in vitro
1.

While the properties of 13 kDa SCP-2 have been the
subject of intensive investigation for more than 20 years,
almost nothing is known about the structure, function, and
metabolism of the 20-amino acid polypeptide either present
as part of the N-terminus of 15 kDa proSCP-2 or released
by posttranslational cleavage therefrom (reviewed in ref 9).
While it has been proposed that cleavage of the N-terminal
presequence occurs either within the peroxisomal matrix or
at the cytoplasmic face of the peroxisomal membrane, the
former possibility is unlikely since very few peroxisomal
proteins undergo cleavage of their N-terminal presequences
during or after import into peroxisomes and nearly half of
the total cellular SCP-2 is extraperoxisomal (reviewed in refs
8 and 9). It has also been suggested that the N-terminal 20-
amino acid presequence has some similarity to mitochondrial
sequences (reviewed in refs 8 and 9). Since mitochondrial
proteins commonly undergo cleavage of their N-terminal
presequences, it has been suggested that cleavage of the 15
kDa proSCP-2 presequence may occur at the mitochondria
(reviewed in ref 8). The presence of the N-terminal prese-
quence also significantly decreases (but less so than the
N-terminal thiolase in 58 kDa SCP-x) the in vitro cholesterol
transfer and fatty acid binding activities as shown in some
studies (reviewed in ref 9).

Although the X-ray and NMR structures of both 13 kDa
SCP-2 and 15 kDa proSCP-2 have been reported, rapid
segmental mobility of the N-terminal presequence and
C-terminal PTS-1 sequences has precluded accurate assign-
ment of and correlation of structural properties and location
with interactions of these segments of the respective proteins
with lipid ligands or with protein ligands (reviewed in refs
12—14). The studies presented herein were designed to
provide structural and functional insights into the role of the
N-terminal 20-amino acid sequence. The data showed for
the first time that the N-terminal 20-amino acid presequence
significantly altered SCP-2 tertiary structure, the location of
cholesterol within the SCP-2 ligand binding site, interaction
of SCP-2 with anionic phospholipid-rich membranes, inter-
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action of SCP-2 with a protein participating in peroxisomal
import, and, potentially, SCP-2 differential intracellular
targeting.

EXPERIMENTAL PROCEDURES

Materials. Recombinant human proSCP-2 and SCP-2 were
isolated and purified as described previously (8). Purities of
proSCP-2 and SCP-2 were determined by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE)
(15) followed by silver staining. The correct molecular mass
of each protein was confirmed by matrix-assisted laser
desorption time-of-flight (MALDI-TOF) mass spectrometry
utilizing a saturated methanol solution of o-cyano-4-hy-
droxycinnamic acid (Sigma Aldrich, St. Louis, MO) as the
matrix (/6) and by electrospray ionization (ESI) mass
spectrometry (Laboratory for Biological Mass Spectrometry,
Department of Chemistry, Texas A&M University). Peptide
synthesis, purification, and characterization were conducted
by J. Ball (Peptide Synthesis Core Facility, Department of
Pathobiology, Texas A&M University) as described previ-
ously (/7). The following peptides were generated: (1)
“20-*tlproSCP-2  (MGFPEAASSF RTHQIEAVPT), (2)
~20-9pr0SCP-2 (MGFPEAASSF RTHQIEAVPT SSASDG-
FKA), (3) 20~ *2%proSCP-2 (MGFPEAASSF RTHQIEAVPT
SSASDGFKAN LVFKEIEKKL EEEG), and (4) t177%4S-
CP-2 (SSASDGFKAN LVFKEIEKKL EEEG) (Figure 1).
A 41 kDa fragment of peroxin 5 [Pex5p(C)] comprising
residues 235—602 and encompassing the seven-predicted
tetratricopeptide repeat (TPR) region as well as the peroxi-
somal targeting signal-1 (PTS-1) binding region of human
Pex5p was generated and purified by J. M. Berg (National
Institute of Health) (/8). Free cholesterol benzophenone
(FCBP) was synthesized by T. A. Spencer (Department of
Chemistry, Dartmouth College) (/9). Radiolabeled free
cholesterol benzophenone ([*H]JFCBP) was prepared for our
laboratory by Moravek Biochemicals (Brea, CA) utilizing a
procedure (20) that incorporates *H at position C-3 of the
cholesterol moiety. Cholesterol, oleic acid, and oleoyl-CoA
were from Sigma (St. Louis, MO). All other reagents and
solvents were of the highest grade available.

Determination of SCP-2, ProSCP-2, and N-Terminal
Presequence Peptide Concentrations. The concentrations of
SCP-2 or proSCP-2 protein stock solutions were determined
by three separate methods: (i) amino acid analysis (Protein
Chemistry Laboratory, Department of Biochemistry and
Biophysics, Texas A&M University), (ii) the theoretical
molar absorption coefficient used to calculate protein con-
centration from the UV absorbance at 280 nm (27), and (iii)
Bradford assay (22). N-Terminal peptide concentrations were
determined by amino acid analysis (Protein Chemistry
Laboratory, Department of Biochemistry and Biophysics,
Texas A&M University). Unless otherwise noted, the
concentration of a SCP-2 or proSCP-2 protein stock solution
based on amino acid analysis was used for all subsequent
experiments.

Absorbance and Fluorescence Spectroscopy. Ultraviolet
(UV) absorbance spectroscopy was performed utilizing a
Cary 100 Scan UV —visible spectrophotometer (Varian Inc.,
Palo Alto, CA). Absorbance spectra were obtained at 24 °C
on samples containing 0.5 uM SCP-2, proSCP-2, or tryp-
tophan in 10 mM potassium phosphate (pH 7.4). Fluores-
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cence emission spectra were recorded at 24 °C utilizing a
PC1 photon-counting spectrofluorometer (ISS Inc., Cham-
paign, IL). Unless otherwise noted, fluorescence emission
spectroscopy was performed on samples containing 0.5 uM
SCP-2, proSCP-2, or tryptophan in 10 mM potassium
phosphate (pH 7.4). All spectra were corrected for background.

Absorbance and fluorescence spectroscopy of proSCP-2
or SCP-2 in the presence of lipidic ligands were ac-
complished as described above with the following modifica-
tions. The final protein concentration was 5 4uM in 10 mM
potassium phosphate (pH 7.4). Increasing amounts of ap-
propriate ligands (cholesterol, oleic acid, or oleoyl-CoA) were
added to a final ligand concentration of 10 uM utilizing a 1
mM stock solution prepared in dimethylformamide (DMF).

Acrylamide Quenching of Tryptophan Fluorescence. Acry-
lamide quenching and quenching constant determination were
performed as described previously (23-25) to investigate the
degree of aqueous exposure of the sole tryptophan (*°Trp)
present in both proSCP-2 and SCP-2. Briefly, fluorescence
emission spectra of proSCP-2, SCP-2, or tryptophan (Trp)
in the absence (Fy) or presence (F) of the small molecule
quencher, acrylamide, were obtained by the following
procedure. Protein or tryptophan at a final concentration of
1 uM in 10 mM potassium phosphate (pH 7.4) was excited
at 280 nm, and the fluorescence emission spectrum was
obtained utilizing a PC-1 spectrofluorometer as described
above. For the acrylamide quenching studies, aliquots of a
5 M stock solution of acrylamide were added to the protein
or Trp solution and mixed gently, and the fluorescence
emission spectrum was obtained as described above. Each
fluorescence emission spectrum was background-corrected
utilizing either buffer only or the appropriate acrylamide/
buffer solution to eliminate any quencher artifacts.

To calculate the quenching constant(s), Stern—Volmer
plots of Fy/F versus [Q] were generated, where F| represents
the tryptophan fluorescence intensity in the absence of
acrylamide quencher, F represents the tryptophan fluores-
cence intensity in the presence of acrylamide quencher, and
[Q] represents the molar acrylamide concentration. Curve
fitting analysis of each Stern—Volmer plot was performed
using the equation y = yo + ae?*, where yy is the y-intercept
and a and b are constants (R? = 0.98 for all plots). A plot of
(Fo/F —1D/[Q] versus [Q] permitted calculation of Kp
(dynamic quenching constant) and Ks (static quenching
constant) from the slope of the line (slope = KpKs) and from
the y-intercept (y-intercept = Kp + Ks) utilizing the
appropriate quadratic equation (25).

Secondary Structure Determination. Circular dichroism
(CD) spectra were obtained utilizing a J-710 spectropola-
rimeter (JASCO Inc., Easton, MD) essentially as described
previously (26-28). The samples for CD analysis contained
protein (4 uM) or peptide (15 uM) in 10 mM potassium
phosphate (pH 7.4) with or without lipidic small unilamellar
vesicles (SUVs, 1 mM). Samples were scanned from 185 to
260 nm using the following conditions: step resolution, 1
nm; bandwidth, 2 nm; sensitivity, 10 mdeg; scan rate, 50
nm/min; and time constant, 1 s. For each measurement, 10
scans were averaged, smoothed, background-subtracted, and
converted to mean residue molar ellipticity, [0] (deg cm?
dmol™"). The percentage a-helix for the N-terminal peptides
was estimated utilizing the equation 0, = (fiy — ik/N)[On22],
where 02, is the mean residue molar ellipticity at 222 nm,



5918 Biochemistry, Vol. 47, No. 22, 2008

/i is the fraction in o-helical form, i is the number of helices,
Kk is a wavelength-specific constant (2.6 at 222 nm), N is the
number of residues in the peptide, and 6y, is the molar
ellipticity for a helix of infinite length at 222 nm (—39500
deg cm? dmol™"). The percentage composition of a-helices,
[-strands, turns, and unordered structures for each protein
was determined utilizing CDPro (lamar.colostate.edu/
~sreeram/CDPro). This program allows the percentage
calculation of various secondary structures by three different
methods: CDSSTR, CONTIN/LL, and SELCON3 (29).

FCBP Cross-Linking. To determine the effect of the SCP-2
presequence on the interaction of cholesterol within the
ligand binding pocket, cross-linking of the photoactivatable
cholesterol analogue FCBP to either SCP-2 or proSCP-2 was
carried out essentially as described previously (30). A 200
uM stock solution of FCBP was prepared in ethanol (final
specific radioactivity of 2.8 x 10'5 dpm/mol). Prior to protein
addition, the appropriate amount of [*H]JFCBP was added
to an amber glass vial so that the final molar ratio of FCBP
to protein would be either 2:1 or 10:1 as described in Results.
After addition of the [PH]JFCBP to the vial, the solvent was
removed using a gentle stream of N, leaving a thin film of
[*H]FCBP on the vial wall. Each cross-linking reaction was
accomplished utilizing a final protein concentration of 2.5
uM in 10 mM potassium phosphate (pH 7.4). After protein
addition, the solution was mixed by brief vortexing and by
the use of a water bath sonicator for 15 min at ambient
temperature. The protein/[>’H]FCBP solution was transferred
to a quartz cuvette, and cross-linking was accomplished by
illuminating the sample (365 nm) at ambient temperature
utilizing a Blak-Ray model B100OAP long wave ultraviolet
lamp (UVP, Inc., Upland, CA) for the appropriate period
of time. Any aggregates that formed during the reaction
were removed by a brief centrifugation at 20000g. The
protein—[*H]FCBP covalent complex was separated from
unreacted [*'HJFCBP by size-exclusion chromatography using
BioGel P4 resin (Bio-Rad, Hercules, CA). Protein was
quantified by the Bradford protein assay. The amount of
[*H]FCBP associated with protein was determined by liquid
scintillation counting utilizing a Packard 1600 TR liquid
scintillation analyzer (Packard Instrument Co., Meriden, CT).
A standard curve was generated to determine the counting
efficiency of the liquid scintillation instrument; this was used
to convert the *H counts per minute to *H disintegrations
per minute.

Covalent attachment of [PHJFCBP to protein was assessed
both qualitatively and quantitatively by removing an aliquot
of the cross-linking reaction mixture, separating cross-linked
[*H]FCBP/protein unimers from potential higher-order mul-
timers utilizing sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) (15), blotting the [*H]FCBP/
protein solution onto nitrocellulose, and probing the nitrocel-
lulose with a polyclonal anti-SCP-2 antibody. After color
development to visualize the protein band of interest, 5 mm
x 5 mm sections of the nitrocellulose were counted for H
by liquid scintillation counting as described above.

Proteolytic Digestion of SCP-2 and ProSCP-2 Cross-
Linked with FCBP. Stock solutions of SCP-2 (1.2 mg/mL)
and proSCP-2 (5.4 mg/mL) were diluted in ddH,O to 1.0
mg/mL prior to proteolytic digestion. The FCBP—SCP-2 and
FCBP—proSCP-2 forms cross-linked as described in the
preceding section were at concentrations of 0.15 and 0.13
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mg/mL, respectively. To each sample was added a 100 uL
aliquot of 50 mM ammonium bicarbonate, resulting in a
2-fold dilution. The native and FCBP-modified protein
samples were digested overnight at 37 °C with trypsin (20
ug/mL), which was prepared in 50 mM acetic acid. Follow-
ing proteolytic digestion, all samples were diluted 2-fold in
0.1% trifluoroacetic acid (TFA) prior to sample cleanup using
C,s resin ZipTips (Millipore, Billerica, MA). Peptides were
eluted using 5 uL of o-cyano-4-hydroxycinnamic acid
prepared at 5 mg/mL in a 60:40 (v:v) acetonitrile/ddH,O
solution containing 10 mM ammonium dihydrogen phosphate
and 0.1% TFA. Samples (1 uL) were spotted onto the
MALDI plate that had been pretreated with a saturated
methanol solution of matrix (a-cyano-4-hydroxycinnamic
acid) and analyzed in triplicate.

MALDI-MS and MS/MS. All MALDI-MS experiments
were performed essentially as described previously (/6)
utilizing a 4700 Proteomics Analyzer MALDI-TOF/TOF
(Applied Biosystems, Foster City, CA). The MS data were
acquired using the reflectron detector in positive mode
(500—4500 Da, 2100 Da focus mass) using 1200 laser shots
with a six-point external plate calibration. Collision-induced
dissociation tandem MS spectra were acquired using 20%
greater laser power than the MS spectra acquisition using
atmosphere at the medium-pressure setting as the collision
gas with 1 kV of collision energy. All MS and MS/MS data
were searched against the Swiss-Prot protein sequence
database using GPS Explorer (Applied Biosystems). The
database search parameters were as follows: peptide mass
tolerance, 85 ppm; tandem MS fragment ion mass tolerance,
0.3 Da; taxonomy, Homo sapiens; enzyme, trypsin; number
of missed cleavages, 2; and variable modifications, oxidation
M).

Interaction of ProSCP-2 or SCP-2 Protein and N-Terminal
Peptides with Membranes [Small Unilamellar Vesicles
(SUVs)]. Small unilamellar vesicles composed of POPC and
cholesterol (65:35 molar ratio) or POPC, cholesterol, and
DOPS (specific molar ratios as indicated in the figure
legends) were prepared essentially as described previously
(17). Briefly, lipids dissolved as chloroform stock solutions
were mixed in an amber glass vial, dried under a gentle N,
stream to form a thin film on the wall of the vial, and
resuspended in 10 mM MOPS (pH 7.4). The resuspended
lipids were mixed by vortexing to form multilamellar
vesicles, followed by sonication under N, at 4 °C with a
model 550 sonic dismembrator (Fisher Scientific, Pittsburgh,
PA) to form SUVs. The microprobe energy was maintained
at level 4, and pauses of 1 min between 2 min sonication
periods were scheduled to allow sample cooling; the total
sample sonication time was 30 min. Sonicator probe debris
as well as any multilamellar vesicles was removed by
centrifugation at 110000g for 4 h with a 40Ti rotor (Beckman
Instruments, Fullerton, CA). A lipid phosphate assay was
used to determine the lipid concentration of the final SUV
solution (/7).

Fluorescence Resonance Energy Transfer (FRET). FRET
was used to determine (i) the relative Cy3—CyS5 distance
between SCP-2 or proSCP-2 interacting with Pex5p(C) and
(i) the binding affinity of Pex5p(C) for SCP-2 or proSCP-
2. Briefly, Pex5p(C) was labeled with Cy3 (FRET donor),
while SCP-2 or proSCP-2 was labeled with Cy5 (FRET
acceptor) using a Fluorolink antibody Cy3 and Cy5 labeling



Structure and Function of the SCP-2 Presequence

kit from Amersham Biosciences Corp. (Piscataway, NJ),
according to the manufacturer’s recommendations for pro-
teins as described previously (37). The Cy3 and Cy5 dye
labeling procedure results in covalent attachment to the
SCP-2 portion of proSCP-2 rather than the 20-amino acid
N-terminal presequence (3/). The proportions of Cy3 and
CyS5 labeling reagents to SCP-2 or proSCP-2 were adjusted
such that an average of one fluorophore was attached per
protein molecule similarly as described previously by our
laboratory for other proteins. FRET varies as (donor-to-
acceptor distance) %; therefore, the donor [Cy3-labeled
Pex5p(C)] and the acceptor (Cy5-labeled SCP-2 or proSCP-
2) must be very close together for efficient FRET to occur.
A fixed amount of donor-labeled protein [10 nM for Cy3-
labeled Pex5p(C)] was incubated with increasing amounts
of acceptor-labeled protein (CyS—SCP-2 or Cy5—proSCP-
2) in phosphate-buffered saline (pH 7.4). Cy3-labeled
proteins were excited at 550 nm; fluorescence emission
spectra were obtained from 560 to 700 nm at 24 °C with a
PC1 photon counting spectrofluorometer (ISS Inc.), corrected
for background (buffer only, donor only, and acceptor only),
and maximal intensities were measured. Binding affinities
were calculated from both the quenching of Cy3 donor
fluorescence emission intensity (Fop — F) at 570 nm and the
appearance of Cy5 acceptor-sensitized fluorescence intensity
(FI) at 670 nm as a function of donor concentration as
previously described (27). The Cy3—CyS5 distance was
calculated according to the Forster equation (32) using the
known critical distance for 50% efficiency of 50 A for the
Cy3—CyS5 FRET pair as described previously (5, 26).

Laser Scanning Confocal Microscopy (LSCM) and Image
Analysis. Cy5-labeled SCP-2 or Cy5-labeled proSCP-2 (see
above) was incorporated into cultured L-cells for LSCM by
preincubating the respective Cy5-labeled proteins with
Chariot transfection reagent (Active Motif, Carlsbad, CA)
according to the manufacturer’s instructions and as described
previously by our laboratory for other fluorescently labeled
proteins (33, 34). Murine L-cells (L arpt™tk™) were seeded
onto Laboratory-Tek chambered cover glass slides (VWR
Scientific, Sugarland, TX) and cultured as previously de-
scribed (35). Culture medium was then replaced with 0.5
mL of serum-free Higuchi medium containing 0.7 ug of
protein (Cy5-labeled SCP-2—Chariot complex or Cy5-labeled
proSCP-2—Chariot complex) per chamber well and the well
incubated at 37 °C and 5% CO, in a humidified chamber
for 1 h. Following this incubation, 1 mL of complete Higuchi
medium (containing 10% fetal bovine serum) was added to
each chamber well, and cells were incubated for an additional
2 h as described above. Cells were washed with 1 mL of
cold PBS four times, and the final wash was incubated at 4
°C for 10 min. For labeling the cells with a plasma membrane
marker, the final PBS wash was replaced with 0.5 mL of
cold PBS containing 0.4 ug/mL AlexaFluor 488 (AF488)-
cholera toxin B (Molecular Probes/Invitrogen Corp., Eugene,
OR) per well, and cells were incubated at 4 °C for an
additional 5 min before imaging. For labeling cells with a
mitochondrial marker, the final PBS wash from above was
replaced with 0.5 mL of Higuchi medium with 10% FBS
containing 100 nM Mitotracker Green (Molecular Probes/
Invitrogen) per well and the Cy5-labeled cells were incubated
with Mitotracker Green at 37 °C for 30 min. Prior to imaging,
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the labeling medium was removed and replaced with fresh
Higuchi medium with 10% FBS.

LSCM studies were performed with a 63 x Plan-Fluor oil
immersion objective, numerical aperture 1.45, an Axiovert
135 microscope (Zeiss, Carl Zeiss Inc., Thornwood, NY),
and an MRC-1024 fluorescence imaging system (Bio-Rad
Corp., Hercules, CA). AlexaFluor 488 (AF488) and Mi-
totracker Green probes were excited at 488 nm utilizing a
krypton—argon laser (5 mW, all lines) (Coherent, Sunnyvale,
CA) set at a scan strength of 10%, and emission was recorded
utilizing a photomultiplier tube (PMT) after passing through
a 540 nm/30 nm emission filter under manual gain and black
level control. The CyS5 probe was excited at 647 nm utilizing
the krypton—argon laser described above; emission of Cy5
was measured utilizing a PMT after passing through a 680
nm/32 nm emission filter under manual gain and black level
control. Images were acquired and analyzed by utilizing
LaserSharp and MetaMorph from Bio-Rad Corp. and Ad-
vanced Scientific Imaging (Meraux, LA), respectively, as
described previously (26).

To quantify the amount of Cy5-proSCP-2 and Cy5-SCP-2
remaining after incorporation into L-cells, incubation, and
LSCM, the following procedure was used. Cy5-SCP-2 or
Cy5-proSCP-2 was incorporated into cultured L-cells as
described above. Following the 2 h incubation at 37 °C, half
of the seeded chambers for each respective protein were
harvested, the cells were removed and washed extensively,
and cell homogenates were prepared as described previously
(36). The remaining seeded chambers were prepared for
LSCM as described above. After microscopy (microscopy
duration time of 2 h), the cells were harvested and cell
homogenates were prepared as described previously (36).
All cell homogenates were examined for total protein content
by Bradford analysis. Equal protein amounts (10 ug) of
homogenate were separated by SDS—PAGE and transferred
to nitrocellulose, and the nitrocellulose blots were probed
with a rabbit polyclonal antibody against SCP-2 that
recognizes both SCP-2 and proSCP-2 followed by a second-
ary alkaline phosphatase-linked goat anti-rabbit IgG poly-
clonal antibody and subsequent color development. The
amount of each protein was quantified by densitometry
analysis with the amount of SCP-2 or proSCP-2 present in
the cultured L-cells after LSCM compared with the amount
present in the cells after the 2 h incubation (see above).

Indirect Immunofluorescence Microscopy. Murine L-cells
(L arpt™tk™) were seeded onto Laboratory-Tek chambered
cover glass slides and cultured as described above. The cells
were incubated with Cy5-labeled SCP-2 or Cy5-labeled
proSCP-2 as described above. Following the 2 h incubation,
the cells were fixed, permeabilized, and labeled with the
SelectFX488 peroxisome labeling kit, utilizing peroxisomal
membrane protein-70, PMP70, as the peroxisomal marker
(Molecular Probes/Invitrogen) according to the manufactur-
er’s directions with the following modifications. The initial
cell washes utilized room-temperature PBS; the cells were
fixed for 10 min, and the cells were fixed and permeabilized
at 20 °C.

LSCM was performed as described above; the peroxisomal
marker probe was excited at488 nmutilizing the krypton—argon
laser described above. Emission of AF488 was measured
using a PMT after passing through a 540 nm/30 nm emission
filter under manual gain and black level control. The Cy5
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FIGURE 2: Mass spectra and SDS—PAGE analysis of proSCP-2 and SCP-2. Aliquots of proSCP-2 and SCP-2 were examined by mass
spectrometry and SDS—PAGE as described in Experimental Procedures. (A) MALDI-TOF mass spectrum of proSCP-2. The inset is a
photograph of a silver-stained gel after SDS—PAGE of proSCP-2 (lane 1) and molecular size markers (lane 2). (B) ESI mass spectrum of
proSCP-2. (C) MALDI-TOF mass spectrum of SCP-2. The inset is a photograph of a silver-stained gel after SDS—PAGE of SCP-2 (lane
1) and molecular size markers (lane 2). (D) ESI mass spectrum of SCP-2. (E) Relative molar protein content as determined by three
independent methods. Values represent the mean + standard error (n = 6). Three asterisks denote a P of <0.001 compared with amino acid

(AA) analysis.

probe was excited at 647 nm utilizing the krypton—argon
laser described above; emission of Cy5 was measured
utilizing a PMT after passing through a 680 nm/32 nm
emission filter under manual gain and black level control.
Image acquisition and analysis were accomplished as de-
scribed above.

Statistics. Graphical analysis was accomplished using
SigmaPlot 2000 for Windows version 6.10 (SPSS, Chicago,
IL). Data are expressed as means =+ the standard error of
the mean (n = 5—7). Statistical analysis was performed by
analysis of variance (ANOVA) combined with the Newman—
Keuls multiple-comparisons test (GraphPad Prism, San
Diego, CA). Values with a P of <0.05 were considered
statistically significant.

RESULTS

SCP-2 and ProSCP-2 Purity and Concentration. For
accurate comparisons of proSCP-2 and SCP-2 secondary
structure (determined by circular dichroism), tertiary struc-
ture, and ligand binding site properties, it is essential that
the respective proteins be highly pure and their concentration
accurately determined. However, some assays of protein
concentration (especially the Bradford assay) may signifi-

cantly underestimate the concentration of low-Trp or -Tyr
proteins by as much as 2-fold (37). Since proSCP-2 and
SCP-2 both contain only a single Trp and no Tyr residues,
it was incumbent to establish a method that accurately
determined the concentration of both these proteins. There-
fore, proSCP-2 and SCP-2 were isolated as described in
Experimental Procedures and purity was examined by
SDS—PAGE and by MALDI-TOF and ESI mass spectrom-
etry. SDS—PAGE followed by silver staining and mass
spectrometry established >99% purity (Figure 2A) and the
presence of a single species of proSCP-2 with a molecular
mass of 15400.8 g/mol, consistent with that expected from
cDNA analysis (Figure 2B). Likewise, SDS—PAGE with
silver staining (Figure 2C) and mass spectrometry (Figure
2D) showed a single species of SCP-2 with a molecular mass
of 13246.3 g/mol, also consistent with that expected from
cDNA analysis.

The relative molar protein concentrations of proSCP-2 or
SCP-2 were evaluated by three independent methods: amino
acid analysis, UV absorbance utilizing the theoretical molar
extinction coefficient, and Bradford assay. For comparisons
between the methods, the molar proSCP-2 or SCP-2 con-
centration as determined by amino acid analysis was defined
to be 1.0 (Figure 2E). When equimolar amounts of proSCP-
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FIGURE 3: Absorbance and fluorescence emission spectra of proSCP-2, SCP-2, and tryptophan. Spectra were obtained for samples containing
0.5 uM protein or tryptophan in 10 mM potassium phosphate (pH 7.4) as described in Experimental Procedures. (A) Absorbance spectra
of proSCP-2 (@), SCP-2 (O), and tryptophan (¥). (B) Fluorescence emission spectra of proSCP-2 (@), SCP-2 (O), and tryptophan (¥); the
excitation wavelength was 280 nm. (C—F) Spectra of proSCP-2 and SCP-2 [5 uM protein in 10 mM potassium phosphate (pH 7.4)] in the
absence or presence of 10 uM ligand were obtained as described in Experimental Procedures. (C) Absorbance spectra of proSCP-2: (@)
buffer only, (O) 10 uM cholesterol, (¥) 10 uM oleic acid, and (V) 10 uM oleoyl-CoA. (D) Fluorescence emission spectra of proSCP-2 with
or without ligand; the excitation wavelength was 280 nm. (E) Absorbance spectra of SCP-2 with or without ligand. (F) Fluorescence
emission spectra of SCP-2 with or without ligand; the excitation wavelength was 280 nm.

2, based on amino acid analysis, were analyzed by UV
absorbance (Figure 2E) and by the Bradford protein assay
(Figure 2E), protein concentrations were overestimated by
2.8 + 0.2- and 2.4 +£ 0.2-fold, respectively. In contrast, when
equimolar amounts of SCP-2, based on amino acid analysis,
were analyzed by UV absorbance (Figure 2E) and by the
Bradford protein assay (Figure 2E), protein concentrations
were overestimated by 1.6 £ 0.1- and 2.6 £+ 0.3-fold,
respectively. Unless otherwise noted, all protein concentra-
tions used herein were based on amino acid analysis, rather
than UV absorbance or the Bradford assay.

Aqueous Exposure of the °Trp Residue in ProSCP-2 and
SCP-2: Absorbance and Emission Spectral Shifts. Amino
acid analysis showed that proSCP-2 (amino acids —20 to
123) and SCP-2 (amino acids 1—123) each contained 1.0 +
0.1 Trp/mol of protein (n = 6), consistent with the respective
cDNA sequences. This Trp was located at position 50 in
pB-sheet 1II in both proteins (8, 38, 39). To probe the
microenvironment sensed by the Trp, 0.5 uM aliquots of each
protein as well as an aqueous solution of the free amino acid
Trp were examined by UV absorbance spectroscopy and by
fluorescence emission spectroscopy. Representative absor-
bance spectra showed that the absorbance maximum of Trp
in aqueous solution was 279 nm (Figure 3A). In contrast,

absorbance maxima of Trp in both proSCP-2 and SCP-2 were
red-shifted to 283 nm (Figure 3A), consistent with the single
OTrp residue in proSCP-2 or SCP-2 each residing in a more
nonpolar environment than the free Trp amino acid in
aqueous solution (40). Finally, the maximal absorbance
intensity of proSCP-2 was significantly higher than that of
SCP-2 (Figure 3A), suggesting the **Trp residue in proSCP-2
was located in a microenvironment different from that of
OTrp in SCP-2.

To further probe the *Trp microenvironment in proSCP-2
and SCP-2, fluorescence emission spectra (excitation at 280
nm) were obtained for each protein as well as an aqueous
solution of the free Trp amino acid in aqueous buffer. Free
Trp in solution exhibited the highest fluorescence emission
intensity and had the longest emission maximum wavelength
(356 nm) of the three species that were examined (Figure
3B), consistent with the highest level of exposure to the
aqueous environment (4/). In contrast, Trp in SCP-2 had
the lowest fluorescence intensity (and quantum yield) of the
three species examined and exhibited an emission maximum
near 330 nm, significantly blue-shifted compared to that of
free Trp in solution (Figure 3B). The proSCP-2 emission
intensity was 1.9-fold higher than that observed for SCP-2,
and the fluorescence emission maximum of proSCP-2 was
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FIGURE 4: Acrylamide quenching of Trp fluorescence in proSCP-2 (@), SCP-2 (O), and tryptophan (¥). Emission spectra at 350 nm were
obtained for samples containing 1 #M protein or tryptophan in 10 mM potassium phosphate (pH 7.4) as described in Experimental Procedures.
The values represent means =+ the standard error (n = 5). One asterisk indicates a P of <0.05 compared with proSCP-2. Two asterisks
indicate a P of <0.01 compared with proSCP-2. Three asterisks indicate a P of <0.001 compared with proSCP-2. F is the Trp fluorescence
in the absence of acrylamide quencher (Q) and F the Trp fluorescence (with quencher). (C) Dynamic, Kp, and static, Ks, quenching constants

for proSCP-2, SCP-2, or tryptophan. ND means not detectable.

blue-shifted to 339 nm as compared to that of free Trp in
solution (Figure 3B). Fluorescence emission results also
suggested that, while Trp in both proSCP-2 and SCP-2 was
localized in a more nonpolar environment as compared to
the aqueous Trp amino acid, the Trp residue in proSCP-2
was in a somewhat more polar environment than that in SCP-
2.

Aqueous Exposure of the *°Trp Residue in ProSCP-2 and
SCP-2: Quenching by Acrylamide. Quenching of tryptophan
fluorescence by the small molecule acrylamide is an effective
method of further analyzing the surface and aqueous
exposure of Trp in Trp-containing proteins (37, 42). To this
end, the 3Trp fluorescence emission of proSCP-2 and SCP-2
as well as free Trp in solution was monitored in the presence
of increasing concentrations of acrylamide. Monitoring Trp
emission at 350 nm (Figure 4A) indicated that the Trp in
proSCP-2 was significantly more accessible to fluorescence
quenching by acrylamide than *Trp in SCP-2. Upward
curvature of the Stern—Volmer plots for proSCP-2 and Trp
indicated a dynamic component of the quenching constant,
Kp, and a static component, Kg, while the data for SCP-2
best fit a single quenching component (Figure 4A). Further
analysis of the acrylamide quenching data (Figure 4B)
yielded a dynamic quenching constant, Kp, for °Trp in
proSCP-2 that was 1.8-fold higher (P < 0.001) than that
calculated for °Trp in SCP-2 (Figure 4C). No static
quenching component could be resolved for SCP-2; however,
both proSCP-2 and free Trp in solution had calculated Kg
values that were statistically equivalent (Figure 4C).

Effect of Lipidic Ligand Binding on the Aqueous Exposure
of *’Trp in ProSCP-2 and SCP-2: Absorbance and Emission
Spectral Shifts. Binding of the ligand cholesterol or oleic
acid had little effect on the absorbance maximum wave-
lengths of either proSCP-2 (Figure 3C) or SCP-2 (Figure
3E). By contrast, binding of oleoyl-CoA to proSCP-2 resulted

in a 9 nm blue shift in the maximal absorbance wavelength
from 283 to 274 nm (Figure 3C). Interaction of oleoyl-CoA
with SCP-2 resulted in an even larger 19 nm blue shift in
the maximal absorbance wavelength to 265 nm for SCP-2
(Figure 3E) than that observed for the proSCP-2—oleoyl-
CoA complex (Figure 3C). With respect to the wavelengths
of maximal fluorescence emission, both oleic acid and oleoyl-
CoA caused a significant blue shift (5 nm) in the emission
maximum of proSCP (Figure 3D). In addition, binding of
oleic acid or oleoyl-CoA (but not cholesterol) to proSCP-2
caused a 10—12% increase in fluorescence intensity (Figure
3D). By contrast, none of the ligands examined had any effect
on the fluorescence emission maximum wavelength of Trp
in SCP-2 (Figure 3F). The only effect of ligand binding to
SCP-2 on Trp fluorescence emission was a 12% increase in
Trp fluorescence intensity as a result of the binding of oleic
acid to SCP-2 (Figure 3F). Taken together, these data
indicated that ligands such as oleoyl-CoA and oleic acid,
but not cholesterol, significantly decreased the polarity of
the microenvironment sensed by **Trp in proSCP-2, but not
in SCP-2.

Interactions of ProSCP-2 and SCP-2 with Photoactivat-
able Cholesterol. ProSCP-2 and SCP-2 both bind cholesterol
with a high similar affinity and 1:1 stoichiometry (reviewed
in refs 9 and /2). To further investigate the molecular details
of this association of cholesterol with proSCP-2 and SCP-2,
our laboratory studied the ability of the photoactivatable
cholesterol analogue FCBP to associate with and covalently
attach to these proteins. At FCBP:protein molar ratios of 2:1
and 10:1, proSCP-2 and SCP-2 bound approximately 1 mole
of FCBP per mole of protein (Figure 5A). Comparison of
MALDI-TOF mass spectra of proSCP-2, FCBP—proSCP-2
complex, SCP-2, and FCBP—SCP-2 complex confirmed the
presence of a single molecule of FCBP covalently attached
to either proSCP-2 or SCP-2 (Figure 5SB—E).
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FIGURE 5: Time course and mass spectrum analysis of the cross-linking reaction of FCBP with proSCP-2 or SCP-2. [*'H]JFCBP was incubated
with proSCP-2 or SCP-2, cross-linked, and analyzed for cross-linking as described in Experimental Procedures. (A) Quantification of
[*H]FCBP cross-linking: FCBP—proSCP-2 (2:1 molar ratio) (®), FCBP—proSCP-2 (10:1 molar ratio) (O), FCBP—SCP-2 (2:1 molar ratio)
(v), and FCBP—SCP-2 (10:1 molar ratio) (V). (B) MALDI-TOF mass spectrum of proSCP-2. (C) MALDI-TOF mass spectrum of the
FCBP—proSCP-2 complex. (D) MALDI-TOF mass spectrum of SCP-2. (E) MALDI-TOF mass spectrum of the FCBP—SCP-2 complex.
(F) Amino acid sequences of human proSCP-2 and human SCP-2. Sequences in bold italics represent isolated peptides that contain covalently

attached FCBP.

Mass spectral analysis of tryptic peptides as described in
Experimental Procedures showed that FCBP was cross-linked
to different regions in proSCP-2 versus SCP-2 (Figure 5F).
In proSCP-2, the FCBP cross-linked the ANLVF peptide
(Figure 5F), i.e., amino acids 28—32 that straddle parts of
the mature SCP-2 N-terminal leader sequence and a-helix-1
(43). In contrast, for SCP-2, the FCBP cross-linked the
EATW VVDVK peptide (Figure 5F), i.e., amino acids
47—55 that comprise [-sheet II (43). Thus, FCBP bound to
both proSCP-2 and SCP-2 within the lipid binding domains
of the respective proteins (44). However, despite the fact
that FCBP did not cross-link to the N-terminal 20-amino acid
presequence of proSCP-2, the presence of this presequence

dramatically shifted the peptide region to which FCBP cross-
linked within the lipid binding domain.

Synthesis of N-Terminal Peptides. The structure of the
N-terminal 20-amino acid presequence (2%~ *!proSCP-2) in
unliganded proSCP-2 as well as that of the nine-amino acid
leader sequence of unliganded SCP-2 (*'~*°SCP-2) could
not be resolved by NMR or X-ray crystallography, and on
the basis of these techniques, it has been suggested that these
structures are flexibly disordered and unstructured (reviewed
in refs 12, 38, 39, and 44). However, on the basis of
secondary structure modeling of the 20-amino acid prese-
quence (Figure 1), it has been suggested that the presequence
contains a small o-helical element from amino acid —17 to
—15 and a f8-sheet from amino acid —8 to —3 (45). To begin
to address this possibility and obtain molecular details of
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standard error (n = 5). Three asterisks indicate a P of <0.001 compared with buffer only.

the structure of these polypeptide sequences, a series of
proSCP-2 and SCP-2 N-terminal peptides was synthesized
for secondary structure analysis by circular dichroism.

First, peptide ~2~*!proSCP-2 corresponding to amino
acids —20 to 1 of the N-terminus of proSCP-2 comprised
the entire N-terminal presequence that is posttranslationally
cleaved to yield SCP-2 and the 20-amino acid polypeptide
(Figure 1). The ~2°~"proSCP-2 peptide contained a number
of polar amino acid residues, including two acidic, three
basic, and four hydroxy amino acids (the remaining amino
acids being hydrophobic), resulting in a net charge of +1.

Second, peptide 2~ *proSCP-2 corresponded to resi-
dues —20 to 1 of the N-terminus of proSCP-2 and the
N-terminal amino acid 1—9 leader sequence of mature SCP-2
(Figure 1). The 20~ *proSCP-2 peptide contained more polar
amino acid residues, including three acidic, five basic, and
six hydroxy amino acids (the remaining amino acids being
hydrophobic), resulting in a net charge of +2.

Third, peptide 20~ "24proSCP-2 corresponded to resi-
dues —20 to 1 of the N-terminus of proSCP-2, the N-terminal
amino acid 1—9 leader sequence of mature SCP-2, and amino
acids 10—24 comprising o-helix-1 (Figure 1). The
~20=+24proSCP-2 peptide contained the most polar amino acid
residues, including eight acidic, eight basic, and six hydroxy
amino acids (the remaining amino acids being hydrophobic),
resulting in a net charge of 0.

Fourth, peptide ™'~ "2*SCP-2 corresponded to residues 1—9
of the N-terminal amino acid leader sequence and residues
10—24 comprising o-helix-1 of mature SCP-2 (Figure 1).
The T'=*24SCP-2 peptide contained 13 polar amino acid
residues, including six acidic, five basic, and two hydroxy
amino acids (the rest being hydrophobic), resulting in a net
charge of —1.

Secondary Structure Analysis of N-Terminal Peptides in
Aqueous Buffer. The four N-terminal peptides described
above were examined by circular dichroism (CD) either in
aqueous buffer alone (Figure 6A) or in aqueous buffer
containing 50% TFE (Figure 6B). The latter mixture with
TFE favors secondary structure in peptides and proteins by
promoting intramolecular hydrogen bonding similar to that
exhibited by the polypeptide microenvironment of proteins
in aqueous solution (/7). Spectra of peptides in aqueous
buffers, especially in the 50% TFE aqueous buffer, were
characteristic of varying amounts of a-helical structure (29).
Quantitative analysis of these CD spectra as described in
Experimental Procedures resolved the relative proportions
of secondary structure elements of each of the peptides
(Figure 6C). Although ~2°~*!proSCP-2 and ~2°~*proSCP-2
in buffer contained negligible levels of o-helical content,
peptides ~20~*proSCP-2 and "'~ "#SCP-2 contained 11—16%
a-helix (Figure 6C), consistent with the fact that both
peptides encompass o-helix-1 at their C-termini (Figure 1).

Since aqueous buffers do not favor a-helix formation,
secondary structure elements of each of the peptides were
also examined in 50% TFE aqueous buffer (Figure 6C). All
peptides exhibited 5—8-fold more o-helical structure in 50%
TFE buffer than in buffer alone (Figure 6C): 20~ *!proSCP-2
had 18% oi-helical content and 10% f-sheet content, roughly
consistent with the predictions based on secondary structure
modeling (45). Peptide ~2°~"*proSCP-2 [contains the entire
N-terminal presequence and the nine-amino acid leader
sequence of mature SCP-2 (Figure 1)] also had 18% o-helical
content, not significantly different from that of =2~ "!proSCP-2
and suggesting that the leader sequence did not contain
additional o-helical structure. Peptide ~2°~"*proSCP-2 [contains
the entire N-terminal presequence and the nine-amino acid
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FIGURE 7: Effect of SUV lipid composition on the a-helical content of proSCP-2 and SCP-2 N-terminal peptides upon membrane interaction.
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10 mM potassium phosphate (pH 7.4), (O) 1 mM SUV1 (65:35:0 POPC/cholesterol/DOPS), (¥) 1 mM SUV2 (55:35:10 POPC/cholesterol/
DOPS), (v) 1 mM SUV3 (40:50:10 POPC/cholesterol/DOPS), and (l) 1 mM SUV4 (35:35:30 POPC/cholesterol/DOPS). The values represent
means =+ the standard error (n = 5). Two asterisks indicate a P of <0.01 compared with peptide in buffer only and three asterisks a P of

<0.001 compared with peptide in buffer only.

leader sequence and o-helix-1 of mature SCP-2 (Figure 1)]
exhibited 51% o-helix. Peptide !~ +2*SCP-2 [containing the
nine-amino acid leader sequence and a-helix-1 of mature SCP-2
(Figure 1)] had 72% o-helix. Taken together, these data were
consistent with the N-terminal presequence not significantly
altering the proportion of a-helix-1 in the mature SCP-2 portion
of the protein; however, CD demonstrated that a significant
portion of the N-terminal presequence exhibited organized
secondary structure such as o-helix.

Secondary Structure Analysis of N-Terminal Peptides
Interacting with Membranes in Aqueous Buffer. The amphi-
pathic o-helical region present in the N-terminal region of
mature SCP-2 forms part of the ligand binding site (reviewed
in refs 12, 38, 39, and 44) but also represents the membrane
interaction domain and is necessary for functional activity
(17). Thus, it was important to determine if the presence of
the 20-amino acid N-terminal presequence in proSCP-2
altered the interaction of the N-terminal domain with
membranes. Therefore, the interaction of the four N-terminal
peptides with model membranes (small unilamellar vesicles,

i.e., SUVs) of differing ionic and/or cholesterol content was
examined by CD.

The secondary structures of 2~ *proSCP-2, ~2°~+°proSCP-
2, and T17T24SCP-2 were significantly altered by interaction
with membranes, depending on the SUV lipid composition
(Figure 7). Of the peptides examined, the largest change was
noted for ~2°~"1proSCP-2 whose a-helical content decreased
>3-fold in the presence of neutral charged membranes but
increased 3.5-fold upon binding membranes with the highest
content of anionic phospholipid [35:35:30 (Figure 7A,B)].
As compared to the peptide in buffer only, binding to anionic
phospholipid-rich membranes (35:35:30 SUVs) increased the
o-helical content of ~2°~F!proSCP-2 and *!'~"2*SCP-2 to the
highest degree, 3.5- and 1.9-fold, respectively (Figure 7B,H).
By contrast, the secondary structure of the longest peptide,
~20=+24pr0SCP-2, which encompassed the N-terminal pre-
sequence as well as the first 24 amino acids of mature SCP-
2, was not affected by membrane interaction (Figure 7E,F).
Thus, CD studies of peptides suggested that the presence of
the 20-amino acid N-terminal presequence slightly altered
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FIGURE 8: Effect of SUV lipid composition on circular dichroism
spectra and o-helical content of proSCP-2 and SCP-2. Circular
dichroism spectra of 4 uM proSCP-2 or SCP-2 were recorded in
10 mM potassium phosphate (pH 7.4) or 1 mM SUV as described
in Experimental Procedures. (A) Symbols represent proSCP-2 CD
spectra recorded in the presence of (@) buffer only, (O) SUV1 (65:
35:0 POPC/cholesterol/DOPS), (¥v) SUV2 (55:35:10 POPC/
cholesterol/DOPS), (v) SUV3 (40:50:10 POPC/cholesterol/DOPS),
and (H) SUV4 (35:35:30 POPC/cholesterol/DOPS). (B) Symbols
represent SCP-2 CD spectra recorded in the presence of (@) buffer
only, (O) SUVI, (v) SUV2, (v) SUV3, and (W) SUV4. (C)
a-Helical content of proSCP-2 (black bars) and SCP-2 (gray bars)
in the presence of (1) buffer only, (2) SUVI, (3) SUV2, (4) SUV3,
and (5) SUV4. The values represent means =+ the standard error (n
=5). One asterisk indicates a P of <0.05 compared with proSCP-
2, and two asterisks indicate a P of <0.01 compared with proSCP-
2.

the secondary structure of the two domains (leader sequence
and downstream region, including a-helix-1) of the protein
interacting with anionic phospholipid-rich membranes.
Finally, to determine if these changes in N-terminal peptide
secondary structure upon interaction with membranes were
also reflected in the complete proteins, the a-helical contents
of proSCP-2 and SCP-2 proteins were examined in the
absence or presence of SUVs differing in charge and
cholesterol content. CD spectra were consistent with both
proSCP-2 (Figure 8A) and SCP-2 (Figure 8B) exhibiting
substantial a-helical content. SCP-2 in buffer contained 25%
more o-helical structure than proSCP-2 did (Figure 8C), a
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difference that was increased to 46% in the presence of
cholesterol-rich membrane SUVs (40:50:10) (Figure 8C).
Binding to anionic phospholipid-rich membranes (35:35:30
SUVs) increased the o-helical content of both proSCP-2 and
SCP-2 to the highest degree (Figure 8C). However, this high
degree of interaction abolished the statistical difference in
o-helical content between proSCP-2 and SCP-2 observed
in buffer only and all other membranes examined, especially
that in cholesterol-rich membranes (Figure 8C). The presence
of the 20-amino acid N-terminal presequence did not interfere
but rather appeared to facilitate interaction with anionic
phospholipid-rich membranes as determined by an increased
level of secondary structure.

Effect of the N-Terminal Presequence on Association of
SCP-2 with the Peroxisomal PTS-1 Import Protein Peroxin
5p(C). Both proSCP-2 and SCP-2 contain a canonical C-
terminal peroxisomal targeting sequence 1 (PTS-1), a sequence
known to be important for association of PTS-1-containing
proteins with the peroxisomal import receptor peroxin 5p,
Pex5p, and subsequent targeting to peroxisomes (38, 39, 44).
Therefore, CD spectra were obtained to determine if (i)
interaction of SCP-2 with Pex5p(C) altered secondary structure
and (ii) the N-terminal presequence in proSCP-2 influenced the
change in secondary structure. Examination of CD spectra of
the three proteins in aqueous buffer suggested that Pex5Sp(C)
contained the highest o-helical content (Figure 9A). This was
supported by quantitative analysis, which showed that Pex5p(C)
had 78 £ 2% a-helical structure while proSCP-2 and SCP-2
had only 11.8 4 0.2% (6.6-fold less) and 15 + 1% (4.5-fold
less) o-helical structure, respectively [Figure 9B, H(r)]. When
the total helical structure of all types [H(r) + H(d)] was
considered, Pex5p(C), proSCP-2, and SCP-2 had 88.8 £ 0.3,
22.5 £ 0.3, and 29 + 2% total helix structure, respectively
(Figure 9C).

A representative experimental CD spectrum of the proSCP-
2—Pex5p(C) complex differed from that calculated by
mathematically adding and normalizing the individual spectra
(Figure 9D). The complex formed by the association of
proSCP-2 with Pex5p(C) contained 10% more helix and 3.8-
fold more S-strand content than that calculated by math-
ematically adding the individual spectra of the two proteins
(Figure 9E,F). Representative experimental CD spectra of
SCP-2 interacting with Pex5p(C) also differed significantly
from spectra calculated by mathematically adding the
individual spectra of the two proteins (Figure 10A). Quan-
titative analysis of multiple spectra indicated that the
secondary structure of the SCP-2—Pex5p(C) complex con-
tained 18% more helix and 7.5-fold more f3-strand than that
calculated from the individual protein spectra (Figure 10B,C).
Taken together, these data suggest that the presence of the
N-terminal presequence in proSCP-2 elicited less change in
secondary structure in the complex with Pex5p(C) than in
that of SCP-2 in the complex with Pex5p(C).

Fluorescence Resonance Energy Transfer (FRET) between
Pex5p(C) and SCP-2 or Cy5-ProSCP-2. To further probe
whether the differences in secondary structure between the SCP-
2—Pex5p(C) and proSCP-2—Pex5p(C) complexes reflected
differences in the respective binding affinities between these
proteins, a fluorescence resonance energy transfer (FRET)
binding assay (see Experimental Procedures) was used to
determine (i) the binding affinity of Pex5p(C) for SCP-2 and
proSCP-2 and (ii) the relative Cy3—Cy5 distance between
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FIGURE 9: Circular dichroism spectra and secondary structure analysis of proSCP-2, SCP-2, Pex5p(C), and the proSCP-2—Pex5p(C) complex.
Circular dichroism spectra were recorded on individual protein samples containing 4 uM protein in 10 mM potassium phosphate (pH 7.4)
as described in Experimental Procedures. (A) Circular dichroism (CD) spectra of proSCP-2 (@), SCP-2 (O), or Pex5p(C) (¥). (B and C)
SELCON 3 secondary structure analysis of CD data in panel A. H(r) is regular o-helix, H(d) distorted a-helix, S(r) regular -strand, S(d)
distorted f3-strand, Unrd unordered, Helix total a-helix, and §-strand total -strand content. The values represent means =+ the standard
error (n = 5). One asterisk indicates a P of <0.05 compared with proSCP-2, and two asterisks indicate a P of <0.01 compared with
proSCP-2. (D—F) Circular dichroism spectra were recorded for samples containing 2 uM proSCP-2 with or without 2 uM Pex5p(C) in 10
mM potassium phosphate (pH 7.4) as described in Experimental Procedures. (D) Circular dichroism spectra of proSCP-2 and Pex5p(C)
added mathematically as described in Experimental Procedures (@) and CD spectra of the proSCP-2—Pex5p(C) complex (O). (E and F)
SELCON3 secondary structure analysis of CD data in panel D. The values represent means =+ the standard error (n = 5). One asterisk
indicates a P of <0.05 compared with “Individual Spectra Added”, and two asterisks indicate a P of <0.01 compared with “Individual
Spectra Added”.

Pex5p(C) and SCP-2 or proSCP-2 in the respective complexes. to peroxisomes versus mitochondria or other intracellular
Interaction of Pex5p(C) with proSCP-2 displayed saturation membranes such as the plasma membrane. To test if the
binding (Figure 11A), at a single binding site (Figure 11A, N-terminal 20-amino acid presequence found in proSCP-2

inset), and a very high affinity [K43 = 2.8 & 0.9 nM (Figure altered the intracellular targeting, Cy5-labeled proSCP-2 or Cy5-
11C)]. By contrast, while interaction of Pex5p(C) with SCP-2 labeled SCP-2 was incorporated into L-cell fibroblasts as
also exhibited saturation binding (Figure 11B) at a single site described in Experimental Procedures, followed by labeling with
(Figure 11B, inset), the affinity was 10-fold lower (P > 0.001) fluorescently tagged cellular markers for the plasma membrane
than for proSCP-2 (Figure 11C). While the relative Cy3—Cy5 [cholera toxin B (CTB)], mitochondria (Mitotracker Green), and
distance between Pex5p(C) and proSCP-2 or Pex5p(C) and peroxisomes [peroxisomal membrane protein 70 (PMP70)] and
SCP-2 (calculated from the FRET curves as described in colocalization by laser scanning confocal microscopy (LSCM)
Experimental Procedures) indicated close molecular interactions, also as described in Experimental Procedures. Cy5 labeling was
the Cy3—Cy5 distances differed significantly, 74 + 2 A for chosen because (i) Cy5 labeling of proSCP-2 results in
the Pex5p(C)—proSCP-2 complex and 66.8 + 0.5 A for the attachment of Cy5 to the 13 kDa SCP-2 part (not the 20-amino
Pex5p(C)—SCP-2 complex [P < 0.01 (Figure 11C)], 10% acid presequence), (ii) Cy5 labeling does not interfere with
greater for the former, likely reflecting the 2 kDa larger size of normal posttranslational cleavage of the presequence from Cy5-
proSCP-2 vs SCP-2. proSCP-2, and (iii) CyS5 labeling results in covalent attachment
Intracellular Targeting of SCP-2 and ProSCP-2 in L-Cell of Cy5 to the mature SCP-2 part of the protein and therefore
Fibroblasts. Although both SCP-2 and proSCP-2 contain the LSCM images of Cy5-proSCP-2 or Cy5-SCP-2 incorporated
same C-terminal AKL peroxisomal targeting sequence-1 (PTS- into cells reflect the distribution of Cy5-SCP-2 (31).
1), the differences in SCP-2 versus proSCP-2 affinities and LSCM showed that the Cy5 label was distributed throughout
intermolecular distances with Pex5p(C) described above suggest L-cells containing Cy5-SCP-2 (Figure 12A, green) or Cy5-
that this might result in differential targeting of these proteins proSCP-2 (Figure 12E, green). In contrast, CTB appeared to
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FIGURE 10: Circular dichroism spectra and secondary structure analysis of the SCP-2—Pex5p(C) complex. Circular dichroism spectra were
recorded for samples containing 2 uM SCP-2 with or without 2 uM Pex5p(C) in 10 mM potassium phosphate (pH 7.4) as described in
Experimental Procedures. (A) Circular dichroism spectra of SCP-2 and Pex5p(C) added mathematically as described in Experimental
Procedures (@) and CD spectra of the SCP-2—Pex5p(C) complex (O). (B and C) SELCON3 secondary structure analysis of CD data in
panel A. H(r) is regular o-helix, H(d) distorted a-helix, S(r) regular S-strand, S(d) distorted -strand, Unrd unordered, Helix total a-helix,
and f-strand total 3-strand content. The values represent means =+ the standard error (n = 5). Two asterisks indicate a P of <0.01 compared
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FIGURE 11: Fluorescence resonance energy transfer (FRET) from donor Cy3-labeled Pex5p(C) protein to acceptor Cy5-labeled SCP-2 or
proSCP-2 protein. Cy3-labeled Pex5p(C) protein was titrated with increasing concentrations (from 0 to 400 nM) of Cy5-labeled proSCP-2
(A) or Cy5-labeled SCP-2 (B), resulting in quenching of Cy3 fluorescence and an increase in Cy5 fluorescence upon energy transfer. Data
are presented as ligand binding curves of the average change in Cy3 maximal fluorescence emission (Fp — F) at 570 nm upon excitation
at 550 nm as a function of Cy5-labeled protein concentration. The insets are linear representations of binding curve data. The values
represent means =+ the standard error (n = 3—4). (C) Equilibrium dissociation constant, Ky, for Pex5p(C) and proSCP-2 or SCP-2 (left axis)
and relative Cy3—CyS5 distance, R, between Pex5p(C) and proSCP-2 or SCP-2 (right axis). Values represent means = the standard error (n

= 5). Two asterisks indicate a P of <0.01 for proSCP-2 vs SCP-2 and three asterisks a P of <0.001 for proSCP-2 vs SCP-2.

be distributed primarily at and near the plasma membrane
(Figure 12B,F, red). Superposition of the respective CTB-
labeled (red) and Cy5-labeled (green) protein images revealed
the presence of some colocalization of green and red (Figure
12C,G). Selection of only the colocalized pixels (designated as
yellow) showed that colocalization was primarily near the
plasma membrane (Figure 12D,H, yellow). However, quantita-
tive analysis of multiple cells indicated important differences:

18 £ 2% of Cy5-SCP-2 colocalized with the plasma membrane
marker, while less than 4% (P < 0.001) of the Cy5-labeled
proSCP-2 was found to colocalize with CTB (Figure 13).

A similar pattern of preferential colocalization of proSCP-2
was seen when the mitochondrial marker, Mitotracker Green,
was used. LSCM showed that Cy5-SCP-2 (Figure 14A,
green) and Cy5-proSCP-2 (Figure 14E, green) were distrib-
uted throughout the interior of L-cells. Likwise, Mitotracker
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FIGURE 12: Colocalization of Cy5-SCP-2 and Cy5-proSCP-2 with
a plasma membrane marker in L-cells. L-Cells were incubated in
the presence of Cy5-SCP-2 (A—D) or Cy5-proSCP-2 (E—H) and
the plasma membrane marker, AlexaFluor 488-cholera toxin B
(AF488-CTB), and examined by laser scanning confocal micros-
copy (LSCM) as described in Experimental Procedures. (A) LSCM
of Cy5-SCP-2 (green pixels) in L-cells. (B) LSCM of AF488-CTB
(red pixels) in L-cells. (C) Merged images of Cy5-SCP-2 and
AF488-CTB. (D) Colocalized Cy5-SCP-2 and AF488-CTB (yellow
pixels) in L-cells. (E) LSCM of Cy5-proSCP-2 (green). (F) LSCM
of AF488-CTB (red). (G) Merged images of Cy5-proSCP-2 and
AF488-CTB. (H) Colocalized Cy5-proSCP-2 and AF488-CTB
(yellow).

Green was also distributed throughout the L-cell interior
(Figure 14B,F, red). Superposition of the respective Mi-
totracker Green-labeled (red) and Cy5-labeled (green) protein
images showed more substantial colocalization (Figure
14C,G). Selection of only the colocalized pixels showed that
colocalization was primarily in the cell interior (Figure
14D,H). Significantly more Cy5-SCP-2 and Cy5-proSCP-2
colocalized with Mitotracker Green than with CTB (Figure
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FIGURE 13: Relative colocalization of Cy5-SCP-2 or -proSCP-2 with
cellular markers in L-cells. L-Cells were incubated in the presence
of Cy5-SCP-2 or Cy5-proSCP-2 and CTB, Mitotracker Green, or
PMP70 as described in Experimental Procedures. Pixel colocal-
ization was quantified as described in Experimental Procedures.
The values represent means =+ the standard error (n = 5—7). Three
asterisks indicate a P of <0.001 compared with SCP-2.

13). Furthermore, 2.8-fold more (P < 0.001) Cy5-SCP-2 than
Cy5-proSCP-2 was shown to colocalize with the mitochon-
drial marker (Figure 13).

Finally, the pattern of colocalization of proSCP-2 versus
SCP-2 with the peroxisomal marker (PMP70) was the
opposite of that shown for the plasma membrane and
mitochondrial markers. PMP70 (red) was distributed in a
punctate pattern throughout the interior of L-cells containing
Cy5-SCP-2 (Figure 15B) or Cy5-proSCP-2 (Figure 15F).
Again, Cy5-SCP-2 (Figure 15A, green) and Cy5-proSCP-2
(Figure 15E, green) appeared to be distributed throughout
the cell. Superposition of the respective PMP70-labeled (red)
and Cy5-labeled (green) protein images showed significant
colocalization (Figure 15C,G). Selection of only the colo-
calized pixels showed that colocalization was primarily in
the cell interior (Figure 14D,H) where 1.8-fold more (P <
0.001) Cy5-proSCP-2 colocalized with the peroxisomal
marker, PMP70: 26 &£ 2% of the Cy5-proSCP-2 colocalized
with PMP70, and only 14 £ 1% of the Cy5-SCP-2
colocalized with PMP70 (Figure 13).

Thus, SCP-2 was not exclusively associated with peroxi-
somes but was also significantly associated with other
membrane organelles (mitochondria and plasma membrane)
such that 66% of the total SCP-2 colocalized with these three
membranes. However, the presence of the N-terminal pre-
sequence (i) significantly increased the proportion of total
SCP-2 not associated with these membranes such that the
proportion diffusely distributed in the cytosol increased from
34 to 58% and (ii) influenced the relative intracellular
distribution of SCP-2 between these membranes in cultured
L-cell fibroblasts. In the absence of the N-terminal prese-
quence, SCP-2 was targeted to these membrane organelles
in the following order: mitochondria > peroxisomes, plasma
membrane. In contrast, the presence of the N-terminal
presequence significantly altered the targeting of SCP-2 to
these membrane organelles such that SCP-2 was localized
in the greatest amount in the following order: peroxisomes
> mitochondria > plasma membrane.

Quantification of the amount of intact SCP-2 or proSCP-2
remaining after incorporation into cultured L-cells, incuba-
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FIGURE 14: Colocalization of Cy5-SCP-2 and Cy5-proSCP-2 with
a mitochondrial marker in L-cells. L-Cells were incubated in the
presence of Cy5-SCP-2 (A—D) or Cy5-proSCP-2 (E—H) and
Mitotracker Green and examined by LSCM as described in
Experimental Procedures. (A) LSCM of Cy5-SCP-2 (green). (B)
LSCM of Mitotracker Green (red). (C) Merged images of Cy5-
SCP-2 and Mitotracker Green. (D) Colocalized Cy5-SCP-2 and
Mitotracker Green (yellow). (E) LSCM of Cy5-proSCP-2 (green).
(F) LSCM of Mitotracker Green (red). (G) Merged images of Cy5-
proSCP-2 and Mitotracker Green. (H) Colocalized Cy5-proSCP-2
and Mitotracker Green (yellow).

tion, and LSCM revealed >90% of the initial SCP-2
remained after 2 h (data not shown). Although a significant
amount of proSCP-2 remained after 2 h, ~75% of the initial
proSCP-2 was found as 13 kDa SCP-2 and ~25% of
proSCP-2 was shown to be intact 15 kDa proSCP-2 (not
shown). Although the biological significance of these findings
is not well understood at this point, it is interesting to note
that the amount of proSCP-2 that colocalized with the
peroxisomal marker, PMP70 (26%), coincides with the
amount of intact proSCP-2 remaining at the conclusion of

FIGURE 15: Colocalization of Cy5-SCP-2 and Cy5-proSCP-2 with
a peroxisomal marker in L-cells. L-Cells were incubated in the
presence of Cy5-SCP-2 or Cy5-proSCP-2, fixed, permeabilized,
incubated with rabbit antiperoxisomal membrane protein 70 fol-
lowed by AF488-conjugated goat anti-rabbit IgG, and examined
by LSCM as described in Experimental Procedures. (A) LSCM of
Cy5-SCP-2 (green). (B) Anti-PMP70 antibody detected with
AF488-conjugated secondary antibody (red). (C) Merged images
of Cy5-SCP-2 and PMP70. (D) Colocalized Cy5-SCP-2 and PMP70
(yellow). (E) LSCM of Cy5-proSCP-2 (green). (F) Anti-PMP70
antibody detected with AF488-conjugated secondary antibody (red).
(G) Merged images of Cy5-proSCP-2 and PMP70. (H) Colocalized
Cy5-proSCP-2 and PMP70 (yellow).

the experiment (25%). Finally, significantly more total SCP-2
(66%) colocalized with the plasma membrane, mitochondrial,
and peroxisomal marker proteins than did proSCP-2 (42%).

DISCUSSION

The SCP-2/SCP-x gene has alternate transcription sites
encoding two precursor proteins (i.e., 15 kDa proSCP-2 and
58 kDa SCP-x), both of which undergo either complete
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(proSCP-2) or partial (SCP-x) posttranslational cleavage to
yield the mature 13 kDa SCP-2 (reviewed in ref 9). While
the presequence in SCP-x is established as the only known
peroxisomal 3-ketoacyl-CoA thiolase enzyme with activity
for branched-chain acyl-CoAs, almost nothing is known
about either the structure or function of the 20-amino acid
presequence present in proSCP-2 (reviewed in ref 9).
Although the rapid segmental mobility of the 20-amino acid
N-terminal presequence on the NMR and X-ray time scale
has led to the interpretation that these regions are unstruc-
tured, this does not necessarily exclude the presence of
secondary structure elements within these mobile segments.
On the other hand, Chou-Fasman modeling of the 20-amino
acid N-terminal presequence suggests the presence of both
o-helix and S-sheet structures therein (45). Likewise, sec-
ondary structure prediction based on PHDsec suggests the
presence of an o-helix in the presequence (46). The studies
presented herein were designed to further examine this
possibility and provide additional structural and functional
insights into the role of the N-terminal 20-amino acid
sequence present in proSCP-2.

First, incorporation of proSCP-2 into cultured L-cells
followed by LSCM indicated a significant amount of intact
15 kDa proSCP-2 remained within L-cells during the time
frame of these studies. Biochemical analysis revealed that
the amount of intact proSCP-2 present in L-cells after 2 h
(25%) was in good agreement with the amount of proSCP-2
that colocalized with the peroxisomal marker (26%). With
regard to the significance of the colocalization and biochemi-
cal studies, proSCP-2 is known to be proteolytically cleaved
to SCP-2 and a 20-amino acid N-terminal peptide (reviewed
in ref 9). Since the Cy5 label in Cy5-proSCP-2 is not located
within the 20-amino acid N-terminal presequence, Cy5-
proSCP-2 is cleaved to Cy5-SCP-2. Consequently, the
imaging data reflect the distribution of both the 25% intact
Cy5-proSCP-2 remaining and the 75% cleaved to Cy5-SCP-
2. This (25% intact)/(75% cleaved) distribution determined
by biochemical analysis correlates with the (26% of Cy5-
proSCP-2 colocalizing with peroxisomal marker PMP70)/
(74% of Cy5-proSCP-2 derived signal in other intracellular
compartments) distribution determined by confocal imaging.
Since the distribution in cells incubated only with Cy5-SCP-2
is markedly different, i.e., very little colocalization with
PMP70, this suggests that the intact Cy5-proSCP-2 was
targeted more to peroxisomes than Cy5-SCP-2. Taken
together with the direct binding (FRET and CD) studies in
vitro, these imaging studies are consistent with a potential
role of the presequence in proSCP-2 for preferential targeting
to peroxisomes. While the functional and physiological
significance of the 20-amino acid N-terminal presequence
in proSCP-2 is not addressed in this paper, the functional
and physiological significance has been demonstrated in
previous findings by our laboratory and others (reviewed in
ref 9).

Second, it was shown that the 20-amino acid presequence
is not unstructured but itself exhibits significant secondary
structure, especially in buffers favoring normal polypeptide
folding or in the presence of anionic phospholipid-rich
membranes. These data were roughly consistent with the
predictions based on molecular modeling of the 20-amino
acid N-terminal presequence (45). The finding that the
presence of the presequence does not inhibit but rather
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facilitates interaction with anionic phospholipid-rich model
membranes suggests that a larger conformational change
upon lipid binding might influence ligand transfer ability.
Indeed, some studies show that the presence of the 20-amino
acid N-terminal presequence significantly weakened the
ability of SCP-2 to transfer cholesterol (8) or bind nonfluo-
rescent fatty acids and fatty acyl-CoAs (47).

Third, spectroscopic (circular dichroism, absorbance,
fluorescence, and fluorescence quenching) studies showed
that the presence of the 20-amino acid N-terminal prese-
quence significantly altered the secondary structure of SCP-
2. This possibility was supported by the following findings.
(i) CD of a series of peptides comprising the 20-amino acid
N-terminal presequence and including either the nine-amino
acid leader sequence or both the leader sequence and the
downstream domain, including o-helix-1 of mature SCP-2,
showed that the presequence slightly altered (i.e., increased
o-helicity) the secondary structure of the polypeptide (amino
acids 1—24) immediately downstream in mature SCP-2. (ii)
Absorbance maxima, absorbance and emission maximal
wavelength shifts, and increased acrylamide accessibility
induced by the 20-amino acid N-terminal presequence
indicated that *°Trp in proSCP-2 was located in a different
electronic microenvironment and/or was more solvent-
exposed in proSCP-2 than was **Trp in SCP-2.

Fourth, ligand binding and cross-linking studies showed
that the 20-amino acid N-terminal presequence significantly
altered the properties of the SCP-2 binding site, especially
in the region comprised of S-sheet II and o-helix-1. For
example, the presence of the presequence significantly
modified the microenvironment structure of **Trp, resulting
not only in greater aqueous exposure but also altered the
response to ligands. These findings were consistent with the
fact that *°Trp is located in the middle of S-sheet II (Figure
1), a region that comprises part of one face of the ligand
binding site (/4, 44). Interestingly, the altered ligand binding
site was also detected by photo-cross-linking of another
ligand, FCBP, which contains a photoactivatable group
present in the alkyl side chain of cholesterol. While both
cross-linked peptides were within the lipid binding domain
of the respective proteins, the 20-amino acid N-terminal
presequence dramatically shifted the peptide region to which
FCBP cross-linked within the lipid binding domain. Since
NTrp is located in [-sheet II, immediately adjacent to
o-helix-1 in the tertiary structure of both proSCP-2 and SCP-
2, this suggested that the bound FCBP penetrated deeper into
the binding site or was differently oriented in the ligand
binding site to interact with a-helix-1 rather than -sheet II.
While there is a considerable literature regarding the nature
of the ligand binding pocket and specificity for SCP-2,
relatively little is known about that in proSCP-2 (reviewed
in refs 9 and 48). An NMR study reported that the aqueous
solubility of proSCP-2 is 5-fold lower than that of SCP-2
(46), and both NMR and X-ray crystallography studies
indicated that ligand binding elicited microheterogeneity in
proSCP-2 such that the structures of holo-proSCP-2 were
readily resolvable (reviewed in refs 12—14, 38, 39, 44, and
46). While NMR and X-ray studies have yielded limited
insights regarding the structure of liganded proSCP-2 and
its ligand binding domain, fluorescence binding assays (49)
and titration microcalorimetry (44) binding assays indicate
that proSCP-2 differs up to 4-fold from SCP-2 in binding
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affinities and 2-fold in binding site number for some
ligands (47, 49). In addition, some (47), but not all (38, 44),
studies indicate proSCP-2 has a significantly lower affinity
for fatty acyl-CoAs. Thus, differences in solubility, ligand
binding affinities (fluorescence, microcalorimetry), and ligand
effects on secondary structure (CD) were consistent with the
20-amino acid N-terminal presequence eliciting subtle changes
in the structure and function of the SCP-2 ligand binding
domain.

Fifth, the presence of the 20-amino acid N-terminal
presequence markedly increased the affinity of proSCP-2 for
Pex5p(C). Pex5p(C) is the soluble protein that interacts with
proteins containing a C-terminal PTS-1, and this protein
complex then binds to a peroxisomal membrane receptor
followed by internalization of the cargo protein into the
peroxisomal matrix mediated by additional peroxisomal
proteins (45). The FRET binding assay showed that, although
Pex5p(C) had a high affinity for both SCP-2 and pro-SCP-
2, the affinity for proSCP-2 was significantly higher than
for SCP-2. High-affinity binding for both proSCP-2 and
SCP-2 was also observed by titration microcalorimetry, but
due to large standard deviations, the trend to higher affinity
noted for proSCP-2 did not achieve statistical significance
(38). Interestingly, in contrast to these studies with purified
proteins, GST—PexSp pull-down assays showed that only
the native SCP-2 but not the proSCP-2 was pulled down
from cell lysates, suggesting either (i) modulation of the
C-terminal PTS-1 site by the N-terminal 20-amino acid
presequence, a possibility supported by earlier studies
showing that the presequence increased the aqueous acces-
sibility of the C-terminal AKL to proteases and antibodies,
or (i) mediation by a cytosolic or membrane factor that
interferes with or competes with GST—Pex5p binding.

Sixth, spectroscopic (CD) studies showed that the presence
of the 20-amino acid N-terminal presequence significantly
altered the conformational changes induced by binding of
SCP-2 to Pex5p(C). The complex formed by SCP-2 and
Pex5p(C) contained more helix and more 3-strand than that
calculated from the individual protein spectra. NMR and
X-ray crystallography show that SCP-2 interacts with
Pex5p(C) through two sites: (i) insertion of the SCP-2
C-terminal 10-amino acid region (containing the C-terminal
AKL PTS-1) into the PTS-1 recognition domain of Pex5p(C)
and (ii) a 500 A2 patch comprised of parts of a-helices-1
and -3 of SCP-2, which form a surface patch that interacts
with the C-terminal helical bundle of Pex5p(C) (38, 44). It
is important to note that NMR and X-ray crystallography
show that interaction of Pex5p(C) with SCP-2 does not alter
the structure of SCP-2 except for the 10 C-terminal amino
acids (containing the C-terminal AKL peroxisomal targeting
sequence 1), which adopt an extended conformation pointing
away from the SCP-2 core and into Pex5p(C) (38, 39, 44).
Instead, SCP-2 binding induces a major structural change
in Pex5p(C) that undergoes a transition from an open, snail-
like conformation to a closed, circular conformation (38, 44).
There are as yet no available NMR or X-ray structures of
the Pex5p(C)—pro-SCP-2 complex. However, NMR data
show that the chemical shift perturbations in proSCP-2 upon
binding of Pex5p(C) alter the same residues in proSCP-2 as
in SCP-2 (38). While this indicates that, except for the
C-terminal AKL, the “SCP-2” portion of proSCP-2 also
undergoes little structural change in response to binding of
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Pex5p(C), the CD data presented herein indicate that
proSCP-2 also significantly changes the CD structure of the
Pex5p(C)—proSCP-2 complex. Since these CD changes were
nearly 2-fold smaller than those elicited by SCP-2 binding
to Pex5p(C), this would suggest that proSCP-2 induced less
structural change than SCP-2 in Pex5p(C). Indeed, compari-
son of the CD results shows that the SCP-2—Pex5p(C)
complex had higher helix and f-strand content than the
proSCP-2—Pex5p(C) complex. However, nothing is known
regarding the type and extent of secondary structure change
induced in Pex5p(C) by the cargo protein that is optimal for
peroxisomal import of the complex, indicating that not only
binding affinity but also the degree of conformational change
induced in Pex5p(C) must be considered a contributory factor
influencing interaction of the respective complexes with the
other peroxisomal proteins involved in Pex5p(C)-mediated
import of the bound cargo protein.

Finally, laser scanning confocal microscopy (LSCM) of
proSCP-2 and SCP-2 incorporated into cultured cells indi-
cated that the 20-amino acid N-terminal presequence sig-
nificantly altered the intracellular targeting of the respective
proteins within living and fixed cells. LSCM of Cy5-labeled
proSCP-2 and SCP-2 incorporated into L-cell fibroblasts
showed that SCP-2 was not exclusively associated with
peroxisomes. Instead, SCP-2 was significantly associated
with markers for other membrane organelles (mitochondria,
plasma membrane) such that 66% of the total SCP-2
colocalized with these three membranes. The 20-amino acid
N-terminal presequence significantly influenced the relative
intracellular distribution of SCP-2 between these membranes
in cultured L-cell fibroblasts to preferentially target SCP-2
in the following order: peroxisomes > mitochondria >
plasma membrane. It must be noted, however, that only 25%
of proSCP-2 remained intact and only 42% of total proSCP-2
colocalized with these three membranes during the time
frame of the experiment. The colocalization data together
with in vitro studies (CD, FRET) were consistent with a role
for the presequence in selective intracellular targeting of
proSCP-2 versus SCP-2. In contrast, SCP-2 (without the 20-
amino acid N-terminal presequence) was targeted preferen-
tially to mitochondria > peroxisomes, plasma membrane.
Detection of weaker colocalization with the plasma mem-
brane lipid raft and caveolae marker GMI (bound by
fluorescent CTX) in living cells was consistent with earlier
biochemical fractionation, immunolabeling of fixed cells, and
yeast two-hybrid studies showing that some SCP-2 directly
interacts with caveolin-1 in lipid rafts and caveolae (5).
Likewise, the more efficient targeting of proSCP-2 to
peroxisomes was consistent with earlier studies showing that
the C-terminal segment of 13 kDa SCP-2 is poorly accessible
to antibodies and proteolytic enzymes (reviewed in refs 9,
12, and 49) as well as an NMR study indicating that the
C-terminus covers the ligand binding site (/4). In contrast,
the C-terminus of 15 kDa proSCP-2 was more aqueous-
exposed as indicated by accessibility to antibodies and
proteolytic enzymes (49). Finally, immunolabeling of fixed
cells shows that overexpression of proSCP-2 results in more
SCP-2 colocalization with the peroxisomal marker than
overexpression of SCP-2 (49). Thus, it would appear that
the 20-amino acid N-terminal presequence may facilitate
targeting of SCP-2 to peroxisomes potentially by (i) increas-
ing aqueous exposure of the C-terminal AKL PTS-1 and (ii)
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altering the structure of the SCP-2 in the ligand binding
domain in the region of the second membrane interaction
site [i.e., *°Trp exposure and the cross-linking of bound FCBP
with o-helix-1, which forms part of the second binding
domain with Pex5p(C)]. The importance of the second
interaction domain for peroxisomal targeting is underscored
by results of studies with GFP fusion proteins containing
the 25 amino acids in the N-terminus of proSCP-2 fused to
the GFP N-terminus and/or the five-amino acid C-terminal
portion of proSCP-2 (containing the AKL) fused to the GFP
C-terminus, i.e., proGFP-AKL and GFP-AKL (45). Expres-
sion of these chimeras in CHO cells (wild-type CHO, pex5-
overexpressing, and pex7-overexpressing cells) and colocal-
ization with organelle markers showed that proGFP-AKL
was targeted to peroxisomes in a PTS-1-dependent Pex5p-
mediated pathway while proGFP was colocalized with a
mitochondrial marker, suggesting that the N-terminal pre-
sequence served as a mitochondrial targeting sequence and/
or that peroxisomal import of SCP-2 requires not only the
C-terminal AKL PTS-1 but also another region within SCP-2
[e.g., the surface patch comprised of o-helices-1 and -3 in
SCP-2 that interacts with the C-terminal helical bundle of
Pex5p(C) (38, 44)] but was not present in GFP (45).
Although the N-terminal 20-amino acid presequence does
not contain an N-terminal PTS-2 consensus sequence, i.e.,
-(R/K)Y(L/VDXs(H/Q)(L/A)- (45), other findings suggest a
potential role for mitochondrial targeting. (i) The 20-amino
acid N-terminal presequence of proSCP-2 shares some
similarity with a peroxisomal targeting sequence as indicated
by analysis with PSORT II (a sequence recognition program)
(reviewed in refs 45 and 50). (ii)) When CHO cells are
transfected with a preGFP-AKL construct (i.e., 20-amino acid
presequence of proSCP-2 fused to the N-terminus of GFP
and AKL PTS-1 fused to the C-terminus of GFP), the GFP
is targeted to mitochondria (45). (iii) In mutant CHO cells
deficient in Pex5p, the proSCP-2 remained cytoplasmic while
proGFP-AKL was mitochondrial, suggesting that mitochon-
drial targeting was obstructed in proSCP-2 (45).

In summary, the data presented herein are consistent with
the 20-amino acid N-terminal presequence containing sig-
nificant secondary structure (i.e., o-helix and S-sheet),
altering the structure of SCP-2 (especially the ligand binding
region), and differentially altering interaction with Pex5p(C)
and suggest differential targeting of SCP-2 to peroxisomes
versus mitochondria. These findings help to explain the
distribution of SCP-2 detected not only by subcellular
fractionation (see above) but also by anti-SCP-2 immunogold
EM cytochemistry in cells and tissues showing the highest
concentration of SCP-2 in peroxisomes, but significant
amounts also in the cytoplasm, mitochondria, and endoplas-
mic reticulum. Taken together, these data indicate that more
than half of the total SCP-2 is extraperoxisomal. The latter
conclusion is confirmed by subcellular fractionation studies,
which show that SCP-x, but not SCP-2, is copurified with
peroxisomal markers (e.g., catalase), and even though 49%
of the total SCP-2 is peroxisomal, half of the total SCP-2 is
extraperoxisomal and localized in the cytosol (42%), mito-
chondria (7%), and endoplasmic reticulum (1%) (reviewed
in refs 9, 51, and 52). Taken together, the data presented
herein were consistent with proSCP-2 containing targeting
sequences for both mitochondria (20 N-terminal amino acids)
and peroxisomes (C-terminal AKL) (45). Regulation of
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intracellular localization of such proteins is complex as
evidenced by another protein that also contains targeting
sequences for both mitochondria and peroxisomes, i.e.,
L-alanine:glyoxylate aminotransferase, an enzyme present in
peroxisomes of primates, in mitochondria of carnivores, and
in both peroxisomes and mitochondria of rodents.
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