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ABSTRACT. The interaction and orientation of fatty acids with recombinant human sterol carrier protein-2
(SCP-2) were examined by nuclear magnetic resonance (NMR), circular dichroism (CD), and fluorescence
techniques.’*C-NMR spectroscopy of stearic acid and oleic acid as well as fluorescence spectroscopy of
cisparinaric acid demonstrated that SCP-2 bound naturally occuring fatty acids with near 1:1 stoichiometry.
Several findings indicated that the fatty acid was oriented in the binding site with its methyl end buried
in the protein interior and its carboxylate exposed at the surface: the chemical shift of bout@]f18-
stearate; dicarboxylic/monocarboxylic ag@s-parinaric acid displacement; complete ionization of the
carboxylate group of SCP-2 bound J3&C]stearate at neutral pH; lack of electrostatic interactions between
13C-fatty acids with SCP-2 cationic residues; pH titratability of the SCP-2 bou/A#Jstearate carboxylate

group. SCP-2 did not undergo global structural changes upon ligand binding or pH decrease as indicated
by the absence of significant changes in NMR and only small alterations in time resolved fluorescence
parameters. However, SCP-2 did undergo secondary structural changes detected by CD in the pH range
5—6. While these changes in secondary structure did not alter the fatty acid:SCP-2 binding stoichiometry,
the affinity for fatty acid was increased severalfold at lower pH. In summ&GsNMR, CD, and
fluorescence spectroscopy provided a detailed understanding of the interaction of fatty acids with SCP-2
and further showed for the first time the orientation of the fatty acid within the binding site. The pH-
induced changes in SCP-2 secondary structure and ligand binding activity may be important to the
mechanism whereby this protein interacts with membrane surfaces to enhance lipid binding/transfer.

The sterol carrier protein-2 (SCP-2also called nonspe-  data supports a major function for SCP-2 in cellular
cific lipid transfer protein, is a ubiquitous protein found in cholesterol transport [reviewed in Schroeder et al. (1996a)].
nearly all mammlian tissues examined (Wirtz, 1991; Rein- Use of antisense techniques shows a role for SCP-2 in
hart, 1990; Moncecchi et al., 1991a; Vahouny et al., 1987). cholesterol transport into rat bile (Puglielli et al., 1995). Most
Unlike other intracellular lipid binding proteins, e.g., the 20- of these investigations are basedionitro assays of ligand
member fatty acid binding protein (FABPjmily, SCP-2 transfer or enzyme stimulation. For example, SCP-2 en-
appears to be encoded by a single gene (Seedorf et al., 199%ances thén vitro intermembrane transfer of sterols (Wood-
Ohba et al.,, 1994; Moncecchi et al., 1991b; Seedorf & ford et al., 1994, 1995; Van Amerongen et al., 1989;
Assmann, 1991; Seedorf et al., 1993; Myers-Payne et al.,Chanderbhan et al., 1982; Gadella et al., 1991; Frolov et al.,
1996). This gene has two initiation sites that code for a 15 1996b, 1996¢; Hapala et al., 1994; Schroeder et al., 1990a,
kDa pro-SCP-2 and 58 kDa SCP-x. The 15 kDa pro-SCP-2 1990b), phospholipids [reviewed in Nichols (1988); Wirtz
is rapidly post-translationally cleaved to form the mature 13.2 (1991); Gadella and Wirtz (1994); Schroeder et al. (1991,
kDa SCP-2. 1996)], and glycolipids [reviewed in Zilversmit (1984)].

While the physiological function of SCP-2 remains to be Furthermore, SCP-2 stimulates thie wvitro enzymatic
clearly resolved, a growing consensus implicates a role in conversion of 7-dehydrocholesterol to cholesterol, cholesterol
the metabolism of a variety of lipids. A growing body of esterification, bile acid biosynthesis, and progesterone forma-
tion [reviewed in Pfeifer et al. (1993a); Vahouny et al.
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fatty acid oxidation and esterification are also suggested. Forfluorescentis-parinaric acid, yielded additional insights on
example, SCP-2 is enriched in peroxisomes while SCP-x is fatty acid binding stoichiometry at very low concentrations
exclusively found in peroxisomes, organelles involved in and on potential changes in tertiary structure upon ligand
fatty acid and branched chain fatty acid oxidation (Lo et al., binding. These data presented new insights on the binding
1994; Keller et al., 1989; Van der Kirift et al., 1985; van of common fatty acids such as stearate and oleate to SCP-2,
Heusden et al., 1990). In addition, the levels of triglycerides on the structure of the SCP-2 fatty acid binding site, and on
and triglyceride synthesis are markedly altered in transfectedthe potential significance of SCP-2 secondary structure
L-cell fibroblasts expressing SCP22The potential involve- changes at low pH.

ment of SCP-2 in fatty acid oxidation and esterification is

further supported by the observation that SCP-2 binds fatty MATERIALS AND METHODS

acids (Schroeder et al., 1995) and fatty acyl CoAs (Frolov _ ) ) _ _

et al., 1996a; Gossett et al., 1996) with high affinity as  Materials. [1-**C]stearic acid, [18%C]stearic acid, and

indicated byKq values near 0:20.4 M and 3-4 nM, [1-*3C]oleic acid (99%'C-enriched) were purchased from
respectively. Cambridge Isotope Labs (Andover, MA) as was perdeuter-

ated dithiothreitol (DT Tdyg). cis-Parinaric acid was obtained
from Molecular Probes, Eugene, OR. Oleic acid, heptade-
canoic acid, palmitic acid, hexadecanedioc acid (thapsic
acid),p-terphenyl, and (hydroxymethyl)aminomethane (Tris)
a ligand binding site, this is a controversial area. For were obtained from Sigma Chemical Co., St. Louis, MO.

example, native SCP-2 purified from mammalian tissues doesAII other chemicals were reagent grade or better.

not contain bound cholesterol (Crain & Zilversmit, 1980;  Methods. Recombinant human SCP-2 was isolated and
Chanderbhan et al., 1982). In addition, some reports suggespurified as described earlier (Matsuura et al., 1993). The
the absence of high-affinity binding of radio-labeled cho- Protein concentration was determined by Bradford assay
lesterol (Wirtz & Gadella, Jr., 1990) or fluorescent dehy- (Bradford, 1976). It should be noted that all the recombinant
droergosterol (Gadella & Wirtz, 1991). Consequently, it was SCP-2 proteins from a variety of species reported thus far
proposed that SCP-2 stimulates lipid transfer by simply contain at least one and sometimes more than one mutation
enhancing membraremembrane interactions or collisions near the N-terminus. For example, deletion of 10 or more
(Wirtz & Gadella, Jr., 1990). In contrast, other observations amino terminal amino acids or certain substitutions at
are consistent with the presence of a lipid binding site in position 20 completely inactivated the recombinant SCP-2
SCP-2 (Gadella & Wirtz, 1991; Gadella et al., 1991; Gadella in sterol transfer assays (Seedorf et al., 1994). While it is
& Wirtz, 1994: Nichols, 1987, 1988: Colles et al., 1995; possible that the properties of the recombinant SCP-2 proteins
Schroeder et al., 1990; Sams et al., 199ty that this ligand ~ may differ from those found endogenously in mammalian
binding site is required for lipid transfer activity (Seedorf et sources, the small differences in amino terminus amino acid
al., 1994; Woodford et al., 1995). Native rat liver SCP-2 sequence in the recombinant SCP-2 generally have not
(Sams et al., 1991; Schroeder et al., 1990) and recombinantesulted in large functional differences: (i) Measured sterol
rat liver SCP-2 (Colles et al., 1995) both bind radio-labeled carrier activity of recombinant human SCP-2 and native rat
cholesterol and the fluorescent sterol dehydroergosterol withliver SCP-2 were almost identical (Noland et al., 1980;
affinity in the micromolar range. Native rat liver SCP-2 Seedorf et al., 1994) even though these proteins differ in
(Nichols, 1987, 1988) and bovine liver SCP-2 (Gadella & their amino terminus (Pfeifer et al., 1993b). (ii) While
Wirtz, 1991, 1994; Gadella et al., 1991) both bind fluorescent- recombinant mouse SCP-2 and native rat SCP-2 differ in
labeled phospholipids. Whil&, values have been reported three amino acids (Ser, Ser, Ala) in the amino terminus, they
in some of these studies (Colles et al., 1995; Schroeder etdid not differ in ability to stimulate microsomal conversion
al., 1990), in the majority of cases the extremely low critical of 7-dehydroergosterol to cholesterol (Moncecchi et al.,
micellar concentration of cholesterol and dehydroergosterol 1991b). (iii) Likewise, recombinant mouse SCP-2 and native
(20—30 nM) (Schroeder et al., 1990b) as well as phospho- rat liver SCP-2 did not differ in ability to stimulate
lipids resulted in low occupancy of SCP-2 ligand binding microsomal cholesterol esterification (Moncecchi et al.,
sites and inability to obtailq values and binding stoichi-  1991b). (iv) SCP-2s from rat and human did not differ in
ometry for these interactions. In contrast, both native as well ability to stimulate microsomal conversion of 7-dehydroer-
as fluorescent fatty acids and fluorescent fatty acyl CoAs gosterol to cholesterol, even though they differ in amino
haveuM to near mM critical micellar concentrations, thereby terminal amino acid sequence (Seedorf et al., 1994). (v)
allowing saturation of SCP-2 binding sites, permitting the Recombinant human pro-SCP-2, containing a 20 amino acid
accurate determination &f; values and binding stoichiom-  amino terminal leader sequence, did not differ from recom-
etry (Frovlov et al., 1996a; Schroeder et al., 1995). binant SCP-2 in ability to stimulate microsomal conversion

The present investigation was undertaken to obtain an in- Of 7-dehydroergosterol to cholesterol (Seedorf et al., 1994).

depth understanding of SCP-2 fatty acid binding, with an (vi) Deletion of the amino terminal five amino acids in
emphasis on fatty acid orientation and pH sensitivitjC- recombinant human SCP-2 did not affect sterol transfer and

fatty acid NMR experiments avoided potential drawbacks phospholipid transfer activities of the recombinant SCP-2
of some fluorescent-labeled fatty acids that may not reflect (Seedorf et al., 1994).

the behavior of native nonfluorescent fatty acids. Circular  Lipid Extraction and Fatty Acid Analysisl-Butanol (6
dichroism provided a reliable measure of SCP-2 seondarymL) was added to 2 mL of 10 mM phosphate buffer, 2.5
structure changes. Time-resolved lifetime and anisotropy, mM dithiothreitol (pH 6.8) containing 200 nmol of recom-
as well as steady state fluorescence, using the naturallybinant human SCP-2. The samples were vortexed, mixed

Despite this multitude of studies suggesting functional
roles of SCP-2 in lipid metabolism, the exact structural basis
for SCP-2 functionin vivo or in intact cells is not known.
Because of the difficulty in identification/characterization of
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by inversion for 15 min, and the phases separated by GREG 250 Subnanosecond Multifrequency Cross-correlation
centrifugation at 1500 rpm for 10 min at“€ on an IEC and Modulation fluorometer with KOALA sample compart-
PR6000 refrigerated centrifuge. The upper phase wasment (ISS Instr., Champaign, IL). The excitation path
transferred to a clean glass test tube and washed with 2 mLcontained a GlanaTaylor polarizer. The light source was
of double-distilled water. The 1-butanol (upper phase) was an Innova-Sabre argon ion laser (Coherent Laser Group,
removed and evaporated to dryness under a stream.of N Palo Alto, CA). This laser featured automatic wavelength
The residue was washed three times with 2 mL of hexane. selection in a multiline UV mode with the single lines/at
The hexane was evaporated to dryness under a stream of 275.4, 300.2, 302.4, and 305.5 nm and continuous power
N,. Two milliliters of toluene:MeOH (1:1 v/v) containing  output of 340, 630, 800, and 460 mW, respectively. The
2% sulfuric acid was added, and the samples were incubatedaser output was kept stable over several hours in either
on a shaker at 65C for 4 h. The fatty acid methyl esters “Power Track” or the “Light Regulation” mode. In order
were extracted with 2 mL of petroleum ether. This extraction to avoid appearance of artifacts due to scattered emission
was then repeated. The petroleum ether phases wereand Raman scatter, the protein fluorescence was observed
combined, dried under ]\ and resuspended in 4 mL of from samples placed in a quartz fluorescence cuvette, optical
hexane containing heptadecanoic acid (C-17:0) as an internalength path= 0.3 cm (Expotech Inc., Houston, TX). Protein
standard. A separate tube containing a known amount of aromatic amino acid fluorescence emission was selected with
palmitic acid (C-16:0) was methylated to determine methy- 341 BP15 interference filters (Omega Optical Inc., Brattle-
lation efficiency. Fatty acid analysis was conducted by boro, VT), transmittance maximum at= 341 nm (band-
isothermal capillary gas chromatography using an SP-2330width = 15 nm). The excitation intensity was optimized to
column (Supelco, Bellefonte, PA) with a column temperature achieve a high signal to noise ratio and to minimize protein
of 190 °C using a Model 14A gas liquid chromatograph photobleaching to less than 10%. To avoid inner filter
equipped with dual flame ionization detectors (Shimadzu artifacts, sample absorbance at the excitation wavelengths
Inc., Kyoto, Japan). Values are expressed as the mean was <0.05. All data were obtained in 20 mM Tris-HCI
standard deviation of three separate determinations. buffer at 25°C.

Preparation of Fatty Acid:SCP-2 Complexes for NMR.  Fjyorescence Lifetime Data Acquisition and Analysis.
Complexes of fatty acids and SCP-2 were prepared in similar Fjyorescence decay kinetics were measured with the excita-
fashion to that described for fatty acid binding proteins tion polarizer oriented at 35to yield rotation-free results

(FABP) (Cistola et al., 1988, 1989, 1990). For each fatty (gpencer & Weber, 1970). Fluorescence lifetime data were
acid sample prepared, a stock solution of SCP<3 (ng/ acquired and analyzed at 425 modulation frequencies

mL) was subjected to several buffer exchanges (20 MM KP, (20225 MHz). External lifetime standard for measurement

4 mM DTT-d, pH 7.0 in 20% RO) via a YM3 Ultrafil- of protein fluorescence decay waserphenyl in absolute
tration membrane (Amicon, Beverly, MA), with a final  gthanol ¢ = 1.05 ns). Data were acquired until the limit of
concentration step yielding a volume of 6@.45 mL,  gtandard error was reached: G.Ghd 0.2, for phase and
resulting in an final SCP-2 concentration of-130 mg/mL. modulation, respectively. 1SS-187 Software (ISS Inc.,

13C-NMR reference spectra of the unliganded SCP-2 were Champaign, IL) was employed for data collection and
acquired using this solution prior to fatty acid:SCP-2 complex analysis. Fluorescence was analyzed by a sum of exponen-
formation. For the subsequent preparation of fatty acid: ja15 as: I(t) = T exp(—t/r)), wherer; is lifetime andf; is
SCP-2 complexes, aliquots of thi€-labeled fatty acid [20  fractional intensity. The minimizeg? parameter was used
mM in CHCl::MeOH (2:1)] were added to a clean NMR a5 3 criterion for the goodness of it to the applied model.
tube, the solvent was removed under a stream of argon, andgenerally, ay? value less than 3 was considered to be

the residue was resuspended with gentle heating485C) acceptable (Parasassi et al., 1984).
in an equal volume of 0.02 N NaOH. To this, the previous

NMR sample (i.e., the initial unliganded SCP-2 or previous
fatty acid:SCP-2 complex) was added, the sample mixed by
several inversions of the NMR tube, and the complex quickly
returned to the spectrometer for data acquisition.

13C-NMR SpectroscopyProton-decoupleC-NMR spec-
tra were recorded at 125.76 MHz on a Bruker ARX-500
spectrometer equipped Wit 5 mm C/Hprobe. Low-power
(Y4 W) proton decoupling was accomplished using the
powergated WALTZ sequence available in the Bruker
software. The probe temperature was maintained within 0.1
°C using the Bruker VT-2000 controller without sample
tsr? elnfn (;“(g)\-/viﬁg:uuf.% icﬂg;:igt?ozaaaergie;:?Eﬁgzdvzl?gtlﬁded fit was performed as described above using ISS-187 Software
(~60° flip angle); 0.25 s acquisition time over 16 K data (ISS Inc., Champaign, IL).
points. The data was zero-filled to 32 K and-116 Hz The equivalent hydrodynamic radius of the recombinant
exponential line broadening applied prior to Fourier trans- human SCP-2 was calculated as:
formation. The strong resonance resulting from ¢Heys/
B-Leu residues were utilized as an internal chemical shift R = (3kT6/4mn) (1)
reference (39.45 ppm) (Gurd & Keim, 1973).

Time-Resaled Fluorescence Spectroscoplime-resolved where 77 is the solvent viscosity. Th& value can be
fluorescence measurements were performed on a Modelestimated also from the hydrated protein volume:

The Anisotropy Decay Measurement and Analy3isne-
resolved anisotropy data were obtained at12 modulation
frequencies for both,Jand | components over the range of
20—225 MHz with Glan-Taylor and Glan-Thompson
polarizers in the excitation and emission channels, respec-
tively. Standard error limits were set to 0.04, 0.2, and (°001
for the measurement of phase, modulation, and polarization,
respectively. The fluorescence anisotropy decay was mod-
eled by a sum of exponentials a&) = ro> g exp(—t/6)),
wherer, is anisotropy of a fluorophore in the absence of
rotational diffusion g, is the rotational correlation time and
g is fractional anisotropy. Verification of the goodness of
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R= [(3/4n)(M/N0)(V1 + (31V1)]1/3 (2) Table 1: Endogenous Fatty Acids of Recombinant Human SCP-2
where M is the molecular weight of human recombinant fatty acid (nmol fatty acid/200 nmol SCP-2)
SCP-2 (13.2 kDa);Np is Avogadro's numbery; is the 14:0 0.1238+ 0.083
fraction of hydrationV; is the specific partial volume of a 14:1 0.0441+ 0.034
protein. ; = 0.4 g HO/g protein;V, = 0.73 cn2 g~ for igfg 8'32?% 83&3
an average protein (Cantor & Schimmel, 1980), &hd-= 1 20:0 0.0330Q+ 0.012

cn? gt for water in eq 2.
Circular Dichroism Measurements Circular dichroic
spectra of recombinant human SCP-2u() dissolved in
10 mM Tris-HCI buffer were recordedhia 1 mmcircular
cuvette with the resolution of 1 nm on a J-710 spectropo-
larimeter (Jasco Inc., Easton, MD) at room temperature. The
bandwidth was 2 nm, the sensitivity was 10 mdeg, the scan
rate was 50 nm/min, and the time constant was 1 s. Usually,
10 scans were accumulated and the averaged scan was used ©
for the secondary structure analysis. The protein secondary
structure analysis was performed according to a self-
consistent method (SELCON) (Sreerama & Woody, 1993).
The corresponding software was provided by Jasco.
cis-Parinaric Binding Assay.The binding affinity of B 0.5:1
recombinant human SCP-2 foisparinaric acid was deter-
mined as previously described (Schroeder et al., 1995) with
the following modifications. A 2 mL sample of 0.18V
SCP-2 in Tris-HCI buffer was titrated with small increments
of fatty acid (-2 uL) dissolved in dimethylformamide. The
latter was used instead of ethanol because ethanol signifi- A
cantly interferes with the ligand binding to SCP-2 (Schroeder
et al., 1995). cis-Parinaric acid was added from a 301
stock solution in dimethylformamide. All measurements
were performed at 25C. fon | e o 1 6 a2 1o
Displacement of SCP-2 Bound cis-Parinaric Acid by Fgure 1: Downfield portion of the 125 MHZ*C-NMR spectra
Mono- and Dicarboxilic C-16 Fatty AcidsRecombinant of human SCP-2 detailing the carboxyl/carbonyl region in the
human SCP-2 (0.18M) in phosphate buffer (pH 7.4) was absence (A) or presence (B,C) of bound'{Cistearate. Spectrum

incubated withcis-parinaric acid (0.4%M) for 5 min at 24 A was recorded at 32C (pH 7.2) in the absence of fatty acid and

o . . . . is magnified 2-fold (relative to B and C) to highlight protein
C until maximal fluorescence was obtained. This- “background” signals originating from SCP-2 carbonyl carbons at

parinaric acid bound to SCP-2 was displaced by the mono- natural abundance. Spectrum B was recorded after the addition of
carboxylic hexadecanoic acid or by the dicarboxylic hexa- 1/, equiv of [143C]stearate, and spectrum C was recorded after the

decandioic acid at increasing concentration up to %2¢ adddition of a secon#l; equiv, resulting in a 1:1 complex between
displacing ligand. All fluorescence determinations were i&ﬂﬁu?;‘{?oifara‘e' Each spectrum was the result-e5@0000
corrected for blanks (protein or ligand only) as well as for '

low levels of photobleaching. 1—2 mM concentration range, forming a clear solution at
RESULTS neutral pH, and displayed BC natural abundance NMR
spectrum typical of a small protein, showing many narrow
Endogenous Fatty Acid Bound to Recombinant Human and partially resolved resonances in the aliphatic and
SCP-2. Endogenous bound fatty acid may compete with aromatic carbon regions (not shown). Of particular interest
added*C-labeled fatty acids arisparinaric acid, interfering  to this study, however, the carbonyl region (Figure 1A) was
with acquisition of accurate spectra and binding parameters.defined by a broad grouping of resonances between 170 and
Therefore, the fatty acids were extracted from SCP-2, 178 ppm associated with the more than 100 backbone and
converted to methyl esters, and analyzed by capillary gasside chain amide carbonyl groups. A set of lower intensity
chromatography as described in Methods. Only 1.61 nmol signals was observed downfield of the main carbonyl
of fatty acids were bound per 200 nmol of SCP-2. Since envelope between 1881 ppm and were attributed to a
SCP-2 has a single fatty acid binding site (Schroeder et al.,smaller group of ionized side chain carboxylates of aspartic
1995), less than 1% of the available binding sites of the and glutamic acid residues.
recombinant human SCP-2 were occupied by fatty acids. The As shown in Figure 1B, the addition of &, molar
fatty acids bound to SCP-2 were primarily saturated fatty equivalent of [11%C]stearate to SCP-2 at pH 7.05 resulted
acids with 14, 16, 18, and 20 carbons (Table 1). The major in the observation of a new signal at 182.73. Subsequent
components were palmitic (29% of total) and stearic acid addition of a second half-equivalent &iC-stearate (1:1
(58% of total). Only one unsaturated fatty acid (14:1) was overall ratio SCP-2:fatty acid) resulted in a 2-fold increase
detected in low amounts representing 2.7% of total bound in intensity of this signal (Figure 1C) with an observed line
fatty acids. width of 18 Hz. The'3C chemical shift and line width of
Binding of 1°C-Labeled Fatty Acids to SCP-2In the this new signal is consistent with that found for the fatty
absence of bound fatty acid, SCP-2 is freely soluble in the acid bound to liver fatty acid binding protein (L-FABP)

aValues represent the meanstandard deviationn(= 3).

[1-'°c1 stearate

[FA:SCP2]

1:1

(x2)
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[1-13C] oleate

bound unbound
182.7 ppm 180.8 ppm
FA:SCP2
[’ Y [ 1

3:1 35°C

3:1 27°C

0.5:1

A

IIIIITllllllllllllllIIIII|1||||||IIIII7_|

ppm 182 180 178 176

Ficure 2: Carboxyl/carbonyl region of thEC-NMR spectra of [1:%C]oleate:SCP-2 complexes at various fatty acid:SCP-2 mole ratios.
Spectra A-D were recorded at 27C (pH 7.1-7.3) after the adddition o>, 1, 2, and 3 equiv of [£2C]oleate, respectively, resulting in

the formation of 0.5:1 (A), 1:1 (B), 2:1 (C), and 3:1 (D) oleate:SCP-2 complex ratios. Spectrum E is of the 3:1 complex as in D, except
it was recorded at 38C. The chemical shift of the bound oleate was invariant (182:72.02 ppm) with concentration; however, each
spectrum was offset to avoid overlap with adjacent spectra. The line width at half-height of each béi@jblHate signal (182.7 ppm)

is as follows: (A) 16, (B) 16, (C) 17, (D) 29, and (E) 47 Hz. Each spectrum was the result-&04®00 accumulations.

(Cistola et al., 1988). Additional aliquots of fatty acid led (Figure 2E) of both the bound and unbound signals,
to no further changes observed in tH€-NMR spectra; indicating the interconversion rate had increased from a slow
however, a pronounced turbidity of the SCP-2 solution to more intermediate rate of exchange on the NMR time
resulted, which quickly led to precipitation of crystalline fatty scale.
acid soap aggregates. To determine the binding stoichiometry of fatty acid to
The binding of **C-labeled oleate to SCP-2 behaved SCP-2, the relative areas of the fatty acid carboxylate signal
initially in a similar fashion to that displayed by stearic acid. were compared. Comparing the highest bound intensity
As shown in Figure 2 the addition of the first two half- observed between stearate (Figure 1C) to that of oleate
equivalents of [1*Cloleate to SCP-2 resulted in a pro- (Figure 2C) suggested awva 3 fold higher binding of oleate
nounced, rapid increase in the new signal at 182.74 ppm.to SCP-2 than stearate. However, inspection of the relative
Contrary to the case of stearate binding, however, the areasbetween these two fatty acid signals indicated that only
addition of a second full-equivalent of [C€]oleate resulted 2 equiv of oleate are bound relative to 1 equiv of stearate,
in yet a further increase in signal intensity (Figure 2C), while in agreement with the known quantity of fatty acid added.
the subsequent addition of a third equivalent lead to the Furthermore, the addition of the third equivalent of oleate
observation of a new broad signat§0 Hz) at 180.8 ppm  (Figure 2D) resulted in little change in area of the bound
(Figure 2D) along with a concominant broadening of the signal despite the dramatic decrease in its intensity due to
original peak at 182.7 ppm. The observed chemical shifts the broadening of the signal. In addition, the relative areas
of 182.7 and 180.8 ppm are in good agreement to that between the bound and unbound oleate signal after addition
observed for L-FABP (Cistola et al., 1988), which were of the third equivalent of oleate was found to be ap-
assigned respectively to bound and unbound forms of oleate proximately 2:1, confirming the complex was already
The latter assignment was confirmed in the absence of proteinsaturated at 2 equiv, the third equivalent remaining com-
under identical conditions (data not shown). In addition, the pletely in the free, unbound form in solution.
increase in line width (1729 Hz) of the bound resonance Effect of pH on'3C-Fatty Acid:SCP-2 Complexed:atty
observed upon addition of the third equivalent of oleate is acid labeled at the C-1 position (carboxyl group) serves as
indicative of chemical exchange broadening due to inter- sensitive indicator for the ionization state of the fatty acyl
conversion between free and bound ligands. This was chain carboxylate bound to SCP-2. Three results were
confirmed by raising the temperature of the fatty acid:SCP-2 obtained indicating that the fatty acid was bound to SCP-2
complex to 35°C, which resulted in additional broadening with the hydrophobic methyl end buried deep in the
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Ficure 3: The effect of pH upoi3C carboxyl chemical shift and e
intensity of enriched fatty acid:SCP-2 complexes. SpectreCA a8 . , .
resulted from the 1:1 [13C]stearate:SCP-2 complex acquired at 5.0 6.0 7.0 8.0 9.0
pHs 7.38, 7.05, and 6.78, respectively. SpectreE¥esulted from pH

[1-13C]oleate:SCP2 complex obtained at 3:1 mol ratio resulting in
bound (B) and unbound (U) forms and acquired at pHs 7.90, 6.98,
and 6.30, respectively. All six spectra were scaled equivalently by C
setting the protein resonances to equal heights.

151

hydrophobic binding pocket and the fatty acyl chain car-
boxylate exposed at the surface of the protein. (i) At neutral
pH a downfield chemical shift of oleic or stearic acid bound
to SCP-2 was observed, reflecting a fully ionized carboxylic
acid group. (ii) The addition of dilute HCI (0.1 N) to the ‘250 oo i N
[1-1%C]stearate:SCP-2 complex further led to a rapid loss of ' ’ pH ' '
signal intensity (Figure 3AC) coinciding with increasingly  Fgure 4: pH titration curves of3C-enriched fatty acid:SCP-2
larger amounts of precipitant, indicative of dissolution of the complexes and selected protein resonances. Panel A: P}E of
complex resulting in crystalline fatty acid. No detectable chemical shift of bound [23C]stearate ), bound [1}*C]oleate
signal of the labeled stearate was observed below pH 6.5.(0); and free [1¥*Cloleate ®) vs pH. Middle two panels (B): Plot

" . . . of selected SCP-2 resonances vs pH. Tap(d a), two highest
The addition of acid to the [+*CJoleate:SCP-2 complex (2: intensity aromatic carbons. Bottor#), e-lysine carbons. Panel C:

1), however, resulted in a more complete titration curve piot of 1C-methyl signal of 1:1 [18%C]stearate SCP-2 complex
before gradual loss of signal intensity occurred. These datavs pH.

do not distinguish between two molecules of oleate binding

to two distinct sites, or cooperatively to one site. As shown carboxylic acid was within a protected environment (e.g.,
in Figure 3D-F, approximately 20% loss in signal intensity carboxylate buried in the interior of the protein fatty acid
of the bound [1**C]oleate had occured by pH 6.3, while at binding pocket) or involved in a salt bridge to a protein
this pH all of the signal of the free, unbound T¥:]oleate residue located deep within the binding pocket, as has been
had disappeared. (iii) Addition of dilute HCI (0.1 N) to the observed for another fatty acid binding protein, I-FABP,
fatty acid:SCP-2 complex resulted in an upfield chemical where an estimatedKa lower than 4.0 was obtained for
shift of the fatty acyl chain carboxylate (Figure 4A). [1-3C]palmitate (Cistola et al., 1989, 1990).

Assuming a typical value of 4:55.0 ppm for the upfield In order to conclude that the pH sensitivity of the'fG]-
chemical shift upon complete protonation of the carboxylic fatty acids was due only to the surface exposure of the
acid, the endpoint of the titration curve can be estimated, carboxylate, one must exclude the possibility of a pH-induced
and a X, of 5.6 determined for [£3C]oleate bound to SCP-  global change in SCP-2 structure below pH 7.0 as being
2. This value is slightly higher than would be expected for responsible for exposure of the fatty acid within the binding
simple aliphatic carboxylic acids or that of fatty acid pocket and the observed titration of the carboxylate. Two
monomers in aqueous solution, which would have Kg p additional experiments were undertaken to resolve this
closer to 5.0. While the observed value is somewhat higher possibility:

than expected, it still indicates a relative ease of protonation First, specific groupings of protein resonances can be
and suggests the carboxylate is exposed to solvent. Howevermonitored for presence of pH-induced chemical shift changes
this value is much higher than would be predicted if the which might be an indication of protein conformation change,

141 o0——O0—00—00—0—0
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Ficure 6: Effect of pH on the proportion odi-helical (squares)
20 : : : and -sheet (circules) structure of SCP-2. For more details see
200 295 250 Materials and Methods.
Wavelength (nm) Woody, 1993) revealed the following proportions of struc-

FicURe 5: pH dependence of circular dichroic spectra of SCP-2. tures in recombinant human SCP-2: 32%helix, 21%
Solid line dotted line, «M SCP-2 in Tris-HCI buffer, pH 7.4,  f-sheet, 25%g-turns, and 22% unordered structure. Addi-
dashed “ne,_ZtM SCP'Z in Tris-HCI buffer, pH 4.5; solid |i_ne, 2 tion of ||gand oleic acid did not affect the SCP-2 CD
/lf/ll\gtesrgll?s-ing l\;lrgtsh-ydcsl buffer, pH 5.5. For more details see ghec1rym (data not shown). However, decreasing the pH
' from 7.4 to 6.6-5.0 led to significant alterations of SCP-2
provided that the specific residue(s) chosen is itself not secondary structure, demonstrated mainly by an increase in
ionizable in the pH range of interest. Thdysine carbons  the peak intensity at 208 nm (Figure 5). Subsequent
(6 = 39.45 ppm) were examined. In the absence of a large secondary structure analysis revealed thatelices and
pH-induced structural change, the SCR-B/sine carbons  3-sheets were affected the most. Moreover, the nature of
should not titrate below pH 9. Likewise, the aromatic carbon the respective pH-dependent changes suggests that an
region, composed mainly of phenylalanine residues, shouldincrease in theo-helical component of SCP-2 probably
also be insensitive to pH. As shown in Figure 4B, no occurred at the expense of tifesheet component of the
significant changes in either grouping of these protein protein (Figure 6). Interestingly, at pH 4.5 the shape of the
resonances were noted. This suggests that no large globaCD spectrum again more closely approached that observed
changes in protein conformation had occured in the pH rangeat pH 7.4 (Figure 5) and the proportions @fhelices and
5.5-7.5. pB-sheets were much closer to those of SCP-2 at pH 7.4
Second, a 1:1 complex of [I’8C]stearate:SCP-2, specif- (Figure 6). Thus, CD data provide additional information
ically labeled in the terminal methyl group of the fatty acid, on SCP-2 secondary changes. It appears that SCP-2 second-
was prepared and titrated as above. The'f(grepresents  ary structure detected by CD is pH sensitive in the range of
the terminal methyl group of stearate. Sincefi@&chemical pH from 4.5 to 7.4.
shift for the [181C]stearate is totally insensitive to the Time-Resaled Fluorescence of Apo-SCP-2 at Different
ionization change of the fatty acid carboxylic acid, it would pH. The potential effect of pH on the protein dynamics was
be an ideal probe to monitor changes of the surrounding further probed by time-resolved fluorescence, using the single
protein environment. The result of the [1&]stearate Trp residue at position 50. Therefore, the fluorescence of
(methyl) titration is shown in Figure 4C and confirms that SCP-2 Trj° can be used to monitor rotational dynamics and
no change in local protein environment occured that was order of the protein peptide chain in the Trp locus. The
sufficient to alter the methyl group chemical shift. results are presented in the Table 2. As seen from the Table
pH-Dependent Conformational Properties of SCP-2 Stud- 2, no significant alterations were observed in recombinant
ied by Circular Dichroism. As shown above!*C-NMR human SCP-2 T lifetimes, SCP-2 Tr{f residual aniso-
spectroscopy did not detect a significant global change in tropyr,, and SCP-2 hydrodynamic radiésupon variation
SCP-2 structure upon ligand binding or upon pH titration. of the buffer pH from 4.5 to 7.4. While overall SCP-2
This does not, however, rule out the possibility of a localized rotational correlation timef near 8.4 ns, decreased at pH
change in SCP-2 secondary structure upon ligand bindingbelow 7, this alteration was not sufficient to alter the SCP-2
and/or pH titration of the ligand. These possibilities of a hydrodynamic radiuR (Table 2). These observations were
secondary structure change in SCP-2 as a function of pHconsistent with decreasing pH altering SCP-2 secondary but
were examined by circular dichroism. CD spectra of the not a global tertiary structure. The effect of this pH-induced
apo-SCP-2 (without bound ligand) were obtained over the secondary structure change in SCP-2 on its affinity for a
pH interval of 4.5-7.4. As shown in Figure 5, the CD fluorescent fatty acid was determined as described in the
spectrum of apo-SCP-2 at pH 7.4 displayed two minima at following section.
208 and 225 nm and one maximum at 193 nm, consistent Effect of pH on cis-Parinaric Acid Binding to SCP-Zhe
with the presence ofi-helical ands-sheet fractions in the  possible functional consequences of the pH-induced structural
SCP-2 secondary structure. This observation was in a goodchanges of SCP-2 were studied by measuring a binding
agreement with NMR data showing the existence of three affinity of recombinant human SCP-2 fois-parinaric acid.
a-helices and fives-strands in recombinant human SCP-2 Upon titration of SCP-2 witltis-parinaric acid, a progressive
secondary structure (Szyperski et al., 1993). Spectrumincrease in fluorescence intensity at the emission maximum
analysis using the self-consistent method (Sreerama &near 416 nm (Figure 7) was observed. This indicated that
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Table 2: pH Effect on Fluorescence Decay and on Anisotropy Decay of Recombinant Human of SCP-2

pH 1 T2 o a2 0 (ns) ro R(A)
4.5 2.53+0.16 0.7%+ 0.05 0.50+ 0.01 0.50+ 0.01 7.10+ 0.35* 0.169+ 0.001 20.5
5.9 2.89+ 0.07 0.87+ 0.00 0.47+ 0.001* 0.53+ 0.001* 7.15+ 0.20* 0.168+ 0.002 20.5
7.0 2.85+ 0.05 0.89+ 0.02 0.50+ 0.01 0.50+ 0.01 8.44+ 0.14 0.162+ 0.004 21.0

aValues represent the meam € 3) + S.E.M. An asterisk refers to R 0.05 as compared to pH 7.0.
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0 1 2 3 4 Ficure 8: Displacement otis-parinaric acid bound to SCP-2 by
cis-Parinaric Acid (uM) hexadecanoic and hexadecandioic acid. Protein concentration was

Ficure 7: Titration of SCP-2 (0.18:M) with cis-parinaric acid 0.18uM; cis-parinaric acid concentration was 0 4Bl. Excitation

(0—3 uM) as followed by the increase in fluorescence intensity. and emission were at 310 and 416 nm, respectively.

Excitation at 310 nm, emission at 416 nm. Inset: Scatchard plot . . i . o
of the titration of SCP-2 witttis-parinaric acid. Buffer pH 4.5. binding affinity for cis-parinaric acid increased by 4-fold.
Thus, the secondary structure change observed at lower pH

the microenvironment of the fluorophore was less hydro- ith cD spectroscopy (see above) was not associated with
philic, i.e., it was localized deep in a hydrophobic binding 5 gecrease in fatty acid binding site number or affinity.
pocket of SCP-2. No Sh'ft of_fluorescence EMISSION MaXxl- ) ytaraction of SCP-2 with Mono- and Dicarboxylic Fatty
mum was detected upon fitration of SCP-2 vatkparinaric Acids. The possible orientation of fatty acid within the
acid (data not sh.own).. . N . SCP-2 binding site was further examined with a displacement
Fluorescence intensities aiisparinaric acid bound to assay. cis-Parinaric acid bound to SCP-2 was displaced with

F’CP;]IZ were tmde?Slf{Ledbat k416 n(rjn I_afterdea_l;]h atddititon 0fhexadecanoic acid and with hexadecandioc acid. Addition
igand, corrected for the background (ligand without protein), of increasing C-16 hexadecanoic acid (monocarboxylic)

and plgtted z_islg fgnction OfttOta;I. ligand con?en;crrlgti?ntt. Thi_z readily displaced up to 55% of SCP-2 boucid-parinaric
procr(]e ure yielde purets? urz.lodr! curves olr:. IS ;y acld acig (Figure 8). In contrast, addition of increasing C-16
as shown in a representative binding curve (FIQUreRac oy o jecanedioc (dicarboxylic) displacedéafold less SCP-2

parameters were obtained by fitting the saturation curves to boundcis-parinaric acid at the equivalent ratios of palmitic:

a rectangular hyberbola. These results were compared to_. S . . . . .
those obtained from a reverse titration, i.e., when a fixed cisparinaric acid ratio of 21:1 (Figure 8). This suggests that

cisparinaric acid concentration was titrated with the in- the fatty aqld can bind within t_he SCP-2 binding site with
creased amounts of SCP-2 (data not shown) Excellentthe fatty acid carboxyl group oriented _elther near the surface
correlation was found betwedf.x values obtain.ed from of the SCP'Z. protein _molecule or buried de_ep n the_SCP-Z
direct and reverse titrations gnce thgax Value was fatty acid b|n.d|ng site. Hovyever, the dlca_rquyhc vs
determined. the concentration.of the bomind?;(arinaric acid monocarboxylic fatty agd binding _data.further indicate that
could be calculated. This allowed determination of the SCP-2 more strongly binds fatty acids with the polar carboxy|

binding parameter$s andBo, as shown by a representative end oriente_d at the surfa_ce rather than Wif[h the f_atty gcid
Scatchard plot (FigljreY irT?et) SCP-2 had a single binding carb(_)xyl orlgnted deep in the hydrophoblc binding site,
site for cis-parinaric acid with &q of 0.65 0.084M and consistent with the NMR pH titration data presented above.
a Bmax Of 1.00 £ 0.09 at neutral pH. The same algorithm pscuUssION

was employed to measure binding affinities of SCP-2i$e

parinaric acid as a function of pH. The calculategdand The observation that sterol carrier protein-2 binds fatty
Bmax for cisparinaric acid at pH 5.5 were 0.5% 0.05 and acids (Schroeder et al., 1995) identified SCP-2 as a new fatty
0.954+ 0.01uM, respectively, not significantly different from  acid binding protein. Taken together with its intracellular
those at pH 7. The same values at pH 4.5 were measuredistribution (Keller et al., 1989), this suggests that future
to be 0.16+ 0.01 and 0.98t 0.02uM, respectively. These investigations may focus on potential functions of SCP-2 in
data allow two observations to be made in describing the fatty acid oxidation/metabolism. It also provides a unique
pH-dependence of SCP-2 binding of fatty acid: First, over opportunity to examine for the first time in depth the
the pH range 7.64.5, the SCP-2 has a single binding site. properties of the SCP-2 ligand binding site. Fatty acids,
Second, with decreasing pH from 7.0 to 4.5, the SCP-2 unlike other lipid ligands with low critical micellar concen-
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tration (cholesterol and phospholipids), have a higher critical SCP-2 was approximately 5.5.
micellar concentration, making these observations possible. Third, the dicarboxylic C-16 fatty acid, hexadecandioic
The aim of the present work was to take advantage of acid, was 6-fold less effective in displacing SCP-2 bound
mutually supportive strengths of NMR, CD, steady state cis-parinaric acid than was the monocarboxylic C-16 fatty
fluorescence, and time-resolved fluorescence techniques taacid, hexadecanoic acid. Accordingly, these results are
obtain new insights regarding the fatty acid binding site of highly suggestive that SCP-2 binds the lipophilic tail (methyl
SCP-2. end) of the fatty acid within a hydrophobic binding site,
NMR techniques demonstrate that common naturally leaving the ionized carboxylate near the suface of the protein,
occurring fatty acids such as oleic and stearic acid bind to readily accessible to solvent protonation.
SCP-2. NMR can monitor fatty acid binding without Fourth, the pH-dependent dissociation behavior of oleic
separating bound from unbound fatty acid. Furthermore, the acid bound to SCP-2 supports high solvent accessibility of
13C nucleus is a nonperturbing probe, a problem observedthe carboxylate terminus of the fatty acid. The SCP-2:
with many fluorescent-labeled and spin-labeled fatty acids. stearate complex more readily dissociated below pH 7 (which
The binding of several®C-enriched long chain fatty acids in itself, indicates a high degree of solvent accesibility), and
to human SCP-2 was investigated8¢-NMR spectroscopy. its initial titration curve (Figure 4A) matches that of the oleate
The observed chemical shifts of 182.7 and 180.8 ppm for complex. Similar results with the intestinal fatty acid binding
13C-labeled fatty acids are in good agreement with those protein, I-FABP, also indicate that if the fatty acid carboxy-
observed for L-FABP (Cistola et al., 1988), which were late is buried in the binding protein interior, it must not be
assigned to bound and unbound forms of oleate, respectively.accessible to pH titration (Cistola et al., 1989, 1989, 1990).
Even at concentrations used for NMR spectroscopy21  The alternate possibility that these results might be explained
mM), SCP-2 at neutral pH was found to bineg-2 equiv of by SCP-2 undergoing a global and/or secondary change in
C-18 fatty acids despite limited or poor solubility of the fatty structure resulting in lowered binding affinity for fatty acid
acid at that concentration. SCP-2 readily bound 1 equiv of was excluded. To preclude pH-induced changes in SCP-2
stearate, even though the fatty acid is practically insoluble global structure, NMR chemical shifts of three specific
in aqueous buffer at 1 mM. These results confirm earlier groups of resonances (two from the protein, and one
studies with fluorescent fatty acids (Schroeder et al., 1995) additional resonance from the ligand) were examined. These
that SCP-2 binds various long chain fatty acids with high chemical shifts of these groups were not altered by decreasing
affinity. In the case of oleate binding, SCP-2 was shown to pH. In the former case, bulk resonances associated with
bind up to 2 equiv of [1C]oleate, before unbound oleate protein lysines {-carbon) and the aromatic carbons of
was detected in solution by NMR. This suggests that the phenylalanine were found to be unaffected by pH over the
binding affinity of SCP-2 for oleate was sufficiently strong range 5-7.5. While each group of resonances represents
so that unbound oleate was not detected until saturation ofthe sum of many individual carbons, qualitatively, the result
the protein was achieved, only after which does additional can be intepreted that no large global structue change in
oleate become available free insolution and undergoes slowSCP-2 structure occurred with decreasing pH. This finding
exchange with bound oleate. An additional fatty acid binding parallels that observed for L-FABP, the only other cytosolic
site was observed by NMR with [Cloleate than with the  fatty acid binding protein in which the fatty acid is also
binding of fluorescent ‘kinked chain’ analogue of oleate, i.e., oriented with the carboxylate facing the surface (Cistola et
cis-parinaric acid data. This is most likely due to theé40 al., 1988, 1989, 1990). At pH below 7, L-FABP showed
10* times higher fatty acid concentration used in the NMR displacement of fatty acid, CD changes, and no changes in
vs the fluorescence binding assay, i.e., the NMR experimentglobal structure as detected by NMR. Finally, time-resolved
reveals the existence of an additional binding low affinity fluorescence spectroscopy of SCP-2 5frghowed that
site not detected by fluorescence techniques using signifi- neither the SCP-2 TPp lifetime, SCP-2 TrfP residual
cantly lower fatty acid concentration. A similar situation anisotropy, nor SCP-2 hydrodynamic radius were sensitive
was observed with NMR studies of fatty acid binding to to lowered pH, again consistent with the absence of global
L-FABP where a higher than expected stoichiometry was structural changes in SCP-2. Although the overall rotational
present (Cistola et al., 1988). In summary, the NMR studies rate of SCP-2 decreased slightly at lower pH and CD
clearly show that SCP-2 binds fatty acids, thereby confirming indicated that SCP-2 underwent changes in secondary
earlier studies with fluorescent fatty acids (Schroeder et al., structure at lower pH, these did not result in lower affinity
1995). Four types of studies were consistent with the boundor lower stoichiometry o€is-parinaric acid binding to SCP-2
fatty acid being oriented in the binding site with the fatty over the range pH 744.5. There may, however, be
acid carboxylate exposed near the surface of the protein: problems in relating the conformational changes observed
First, the NMR chemical shift (182.7 ppm) and narrow at micromolar concentrations in the CD experiments with
line width (<20 Hz) of the C-1 carbonyl of the fatty acid: the lack of conformational changes observed at millimolar
SCP-2 complex above pH 7.0 is consistent with fully ionized concentrations used in the NMR experiments. It should be
monomeric carboxylate anion, very similar to that found for noted that cellular fatty acid and SCP-2 concentrations are
fatty acid complexes of L-FABP (Cistola et al., 1989), inthe micromolar range 20M (Glatz et al., 1993) and-440
described as being consistent with a highly solvated binding uM (Gossett et al., 1996), respectively.
environment (Gurd & Keim, 1973; Maciel & Traficante, The location of the SCP-2 change in secondary structure
1960; Cistola et al., 1988). (increasedr-helix) detected by CD of SCP-2 at lower pH is
Second, the ionization of fatty acid carboxylate when the not known, but some inferences may be made. The CD
fatty acid was bound to SCP-2 supports high solvent studies presented herein as well as previous NMR investiga-
accessibility of the carboxylate terminus of the fatty acid. tions (Szyperski et al., 1993) indicate that the main structural
The estimated Ig, for the protonation of oleate bound to features of SCP-2 are a relatively large amino terminal
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amphipathiai-helix, a large amount gi-sheets, and smaller  and interacts directly with membranes to bind and/or enhance
o-helix structures near the carboxy terminal. The N-terminal intermembrane ligand transfer (Woodford et al., 1995).
a-helix, the single Trff, and a putative ligand binding site  SCP-2 enhances intermembrane ligand transfer several orders
near the C-terminal appear to be relatively distant from one of magnitude faster when the membrane contains anionic
another. For the following reasons it appears likely that the phospholipids, conferring a negative charge to the lipidic
observed CD changes in SCP-2 secondary structure at lowesurface (reviewed in (Schroeder et al., 1991, 1996). The
pH were in the vicinity of thex-helix regions, perhaps near hydrogen ion concentration at the membrane/aqueous inter-
the putative C-terminal ligand binding site. (i) The affinity face, especially in the presence of anionic phospholipids, is
of SCP-2 for fatty acid increased at lower pH. However, several orders of magnitude higher than in the bulk agueous
fatty acid binding in itself did not significantly affect the medium at pH 7 (Tocanne & Teissie, 1990). What effect
secondary structure of SCP-2 detected by CD and by theof such a low interfacial pH at the membrane surface has
lack of chemical shift of thé3C-labeled methyl group of  on the ability of SCP-2 to bind to the membrane and/or
SCP-2 oleate as described herein and elsewhere (Frolov einteract with ligand is not known. What is known, however,
al., 1996a). (ii) The location of the secondary structure is that at pH below 7, SCP-2 underwent a change in
change within SCP-2 appears to be distant from the SCP-2secondary structure as evidenced by CD spectra showing
Trp®0. The absence of significant changes in the SCP-2Trp increased-helix and decreasegtsheets. NMR data show
lifetimes, residual anisotropy, and radius as a function of that SCP-2 contains an amino terminal amphipathic (basic)
pH suggest that the secondary structure changes detected bg-helix and also some smaller carboxyl terminahelices
CD were not near the vicinity of TP of SCP-2. Several (Szyperski et al., 1993) that are essential to the ligand transfer
studies suggest that Tfresidue may also be far removed function of this protein (Seedorf et al., 1994). The much
from the ligand binding site: The NMR secondary and three- higher proton concentration (lower pH) at the membrane
dimensional structure of SCP-2 shows that5?iip located surface (vs bulk aqueous phase pH) may lead to increased
on the opposite side of the putative ligand binding site of a-helix as observed herein for SCP-2 at low pH. An increase
SCP-2 (Szyperski et al., 1993). Structure activity studies in o-helix may promote the interaction of the SCP-2 with
were consistent with this ligand binding site being located the membrane surface. Although interesting, there is as yet
near the SCP-2 carboxyl terminus. Deletions or mutations no definitive proof for this possibiltiy. Alternately, an
in the carboxyl terminus of SCP-2 inhibited the sterol transfer increase in the proportion ofi-helix may promote the
activity of the SCP-2 (Seedorf et al., 1994). Forster interaction of the membrane bound SCP-2 with membrane
nonradiative energy transfer studies showed that the SCP-2bound ligand. Consistent with the latter possibility, the
Trp*®is located 33-40 A from thecis-parinaric acid binding  affinity of SCP-2 forcis-parinaric acid at low pH was 4-fold
site of SCP-2 (Frovlov & Schroeder, unpublished resdlts). higher than at neutral pH. These differences in SCP-2
Thus, while changes in SCP-2 seondary structure occur as astructure and function at lower pH may be important in view
function of decreased pH, these changes appear removeaf the reported intraperoxisomal matrix pH being -560
from the SCP-2 Trp but near the fatty acid binding site (Nicolay et al., 1987).
(increased affinity for fatty acid at low pH). Future In summary, NMR, CD, steady state fluorescence, and
investigations will need to determine if the free fatty acid time-resolved fluorescence data show that human recombi-
binding site of SCP-2 is identical to the cholesterol binding nant SCP-2 has a fatty acid binding site in which the fatty
site. acid is oriented with its carboxylate group exposed to the
The substantial pH-induced change in SCP-2 secondaryaqueous solvent. SCP-2 is a basic protein=p8.5) that
structure detected by CD and the smaller change in SCP-2shows no significant sequence identity/homology and little
overall rotational rate may relate to the mechanism whereby structural similarity to members of the fatty acid binding
SCP-2 enhances intermembrane ligand transfer. Becauserotein family (FABPs, pvalues generally below 7) (Pfeifer
fatty acids, fatty acyl CoAs, and other SCP-2 ligands et al., 1993a; Wirtz, 1991a; Moncecchi et al., 1991a;
(cholesterol and phospholipids) are localized primarily to Vahouny et al., 1987a). Nevertheless , SCP-2 binds fatty
membrane structures, the proportion of these ligands foundacids with similar affinity and with a 1:1 stoichiometry as
in the cytosol is low [reviewed in Glatz et al. (1993); Gossett has been observed for most of the FABPs (Banaszak et al.,
et al., (1996)]. It is interesting to note that, in contrast to 1994; Paulussen & Veerkamp, 1990; Bass, 1985; Schroeder
native and recombinant FABPs, SCP-2 contains very little et al.,, 1993). As shown herein, SCP-2 and L-FABP
endogenously bound fatty acid. Native and recombinant (Banaszak et al., 1994) may be uniqgue among the cytosolic
FABPs (Paulussen & Veerkamp, 1990) have nearly half of fatty acid binding proteins in that they both bind the fatty
their binding sites occupied by endogenous fatty acid. The acid with the fatty acid carboxylate exposed at the surface
basis for this difference is not known but may involve the of the protein. Finally, the detailed NMR, fluorescence, and
very different isolation procedures used to obtain SCP-2 asCD analysis of the SCP-2 fatty acid binding site as described
compared to FABPs or may be due to the very low herein appears physiologically relevant and provided ad-
concentration of cellular free fatty acid. While cellular total ditional insights into possible mechanism(s) whereby this
fatty acid concentration is 20M, the majority of fatty acid protein may interact with ligands such as fatty acids to
is membrane bound such that the cytosolic fatty acid enhance intermembrane ligand transfer.
concentration is only 2 nM (Glatz et al., 1993). One function
of lipid transfer proteins such as SCP-2 is to enhance the REFERENCES
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