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ABSTRACT: Glycolipid transfer protein (GLTP) is a soluble 24 kDa protein that selectively accelerates the
intermembrane transfer of glycolipids in vitro. Little is known about the GLTP structure and dynamics.
Here, we report the cloning of human GLTP and characterize the environment of the three tryptophans
(Trps) of the protein using fluorescence spectroscopy. Excitation at 295 nm yielded an emission maximum
(λmax) near 347 nm, indicating a relatively polar average environment for emitting Trps. Quenching with
acrylamide at physiological ionic strength or with potassium iodide resulted in linear Stern-Volmer plots,
suggesting accessibility of emitting Trps to soluble quenchers. Insights into reversible conformational
changes accompanying changes in GLTP activity were provided by addition and rapid dilution of urea
while monitoring changes in Trp or 1-anilinonaphthalene-8-sulfonic acid fluorescence. Incubation of GLTP
with glycolipid liposomes caused a blue shift in the Trp emission maximum but diminished the fluorescence
intensity. The blue-shifted emission maximum, centered near 335 nm, persisted after separation of glycolipid
liposomes from GLTP, consistent with formation of a GLTP-glycolipid complex at a glycolipid-liganding
site containing Trp. The results provide the first insights into human GLTP structural dynamics by
fluorescence spectroscopy, including global conformational changes that accompany GLTP folding into
an active conformational state as well as more subtle conformational changes that play a role in GLTP-
mediated transfer of glycolipids between membranes, and establish a foundation for future studies of
membrane rafts using GLTP.

Glycosphingolipids (GSLs)1 and related metabolites have
been implicated in important cellular processes such as
differentiation, adhesion, proliferation, and cell-cell recogni-

tion (1, 2). The structural roles of sphingolipids in biomem-
branes also have attracted much recent interest because of
the propensity of these lipids to mix with cholesterol to form
liquid-ordered microdomains, commonly referred to as
“rafts”. Rafts putatively function as localizing platforms for
signaling kinases and other proteins modified with certain
lipid attachments (3-9). Because of the involvement of
sphingolipids in raft structure and in raft-related cellular
processes, the expression and trafficking of these lipids must
be effectively coordinated and regulated in cells. Proteins
that interact with GSLs and that have the potential to
modulate GSL composition in rafts warrant further investiga-
tion. Among such proteins are glycolipid transfer proteins
(GLTPs).

GLTPs are soluble proteins that selectively accelerate the
intermembrane transfer of glycolipids in vitro. After the
initial discovery in the membrane-free cytosolic extract of
bovine spleen (10), proteins with similar activities were found
in a wide variety of tissues, including bovine and porcine
brain, liver, and kidney, as well as in plants (11-13). Purified
GLTPs from animal spleen and brain consist of single
polypeptides of 23-24 kDa and have basic isoelectric points
and absolute specificity for glycolipids (14-17). Although
GLTP accelerates the intermembrane transfer of a variety
of different glycolipids (18, 19), selectivity appears to be
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targeted to glycolipids in which the initial sugar isâ-linked
to the lipid hydrocarbon backbone (20). The intermembrane
transfer of phospholipids (e.g., phosphatidylcholine, phos-
phatidylethanolamine, phosphatidylserine, and phosphati-
dylinositol) and sterol derivatives (e.g., cholesterol or
cholesterol esters) is not stimulated by GLTP. Both mem-
brane phase state and lipid composition modulate the rate at
which GLTP can transfer glycolipids between membranes
(21). Increasing the anionic phosphoglyceride or sphingo-
myelin content of membranes dramatically slows GLTP-
mediated glycolipid transfer (22, 23). Recent molecular
cloning analyses indicate that GLTP is highly conserved
among mammals2 and that the bovine and porcine brain
cDNAs encode identical 209 amino acid sequences (24).
Compilations in the GenBank and SwissProt database reveal
homology of GLTP to the carboxy-terminal region of the
human phosphoinositol 4-phosphate adaptor protein-2 and
related FAPP2 proteins. GLTP orthologs, in plants (Arabi-
dopsis) and in filamentous fungi (Podospora anserina), have
been linked to stress-induced programmed cell death and to
a self-destructive death process triggered by fungal incom-
patibility, respectively (25, 26). Together, the findings
suggest that GLTP is a member of an emerging family of
sphingolipid transfer protein homologues that play roles in
cell proliferation and accelerated cell death.

Efforts to elucidate the dynamic and structural features of
GLTP have been hampered because purification of GLTP
is a time-consuming, laborious process and GLTP is not
abundant in animal tissues. The relatively small amounts of
purified protein obtainable from animal tissues have made
it impractical to pursue comprehensive physical characteriza-
tion of GLTP. As a result, the focus of most previous studies
of GLTP has been on the kinetics of the interactions of the
protein with glycolipids residing in membranes. Little is
known about the GLTP dynamics and structure except for
studies carried out on porcine brain GLTP over a decade
ago, in which the accessibility of the three cysteine residues
of the protein to various thiol reagents was explored and
circular dichroism spectra revealed 60%R helix (27-29).
The development of recombinant GLTP provides new
avenues for elucidating the structure-function relationships
of this protein, especially for human GLTP where purification
from tissues is not a realistic option.

Here, we report the cloning of human GLTP and charac-
terize the intrinsic fluorescence properties of the Trp residues
of recombinant GLTP using heterologous expression strate-
gies that enable the required amounts of fully active human
protein to be obtained rapidly and efficiently. Of interest were
the nature of the environment of the emitting Trps, the
accessibility of the Trps to soluble quenching agents, and
the changes in Trp fluorescence that accompany urea-induced
conformational changes of GLTP and that accompany
interaction of GLTP with glycolipid liposomes. The results

provide the first insight into human GLTP structural dynam-
ics by fluorescence spectroscopy and establish a foundation
for future studies involving investigation of membrane rafts
using GLTP.

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotides used in PCR reactions were
synthesized and RP-HPLC-purified by BioSynthesis (Lewis-
ville, TX). PCR amplifications were performed using the
Expand High Fidelity PCR System (Roche Molecular Bio-
chemicals) on a GeneAmp 2400 thermocycler (Perkin-
Elmer). PCR products were analyzed by electrophoresis on
a 1.5% TAE (40 mM Tris/acetate and 1 mM EDTA at pH
8.0) agarose gel, visualized by ethidium bromide staining,
purified by QIA quick columns (Qiagen, Inc., Chatsworth,
CA), cloned into pGEM-T vector (Promega, Madison, WI),
and sequenced using T7 or SP6 promoter primers. DNA
sequencing was performed at the Mayo Molecular Biology
Core Facility with an Applied Biosystems 377 sequencer
using thermocycler protocols and fluorescent dye terminators.
G418 sulfate for growth selection was obtained from
CLONTECH (Palo Alto, CA). Imidazole with low back-
ground fluorescence (blank< 0.005%) was used for re-
combinant GLTP purification (Sigma-Aldrich, St. Louis,
MO). Phosphoglycerides, porcine brain galactosylceramide
(GalCer), and egg sphingomyelin were obtained from Avanti
Polar Lipids (Alabaster, AL). GalCers and lactosylceramides
(LacCer) containing homogeneous acyl chains were synthe-
sized and purified as described by Li et al. (30). Quantitation
of glycolipid was achieved gravimetrically, quantitation of
phospholipid, by the Bartlett method (31), and quantitation
of protein, by a modified BCA approach (32).

Cloning and Heterologous Expression of Human GLTP.
Total RNA, isolated from human skin fibroblasts using RNA
STAT-60 acidic guanidinium isothiocyanate/chloroform,
served as a RT-PCR template along with the gene-specific
forward and reverse primers previously used to clone bovine
and porcine brain GLTP cDNAs (24). To amplify the 5′ end
of the cDNA ORF for human GLTP, a primary PCR reaction
was performed using a CLONTECH RACE-PCR kit with
human fibroblast total RNA (2µg), the kit anchor primer
(UPX), and GLTP-specific primer, gspR2, which was
complementary to ORF bp 355-378. The single band
obtained by agarose (1.5%) electrophoresis was cloned into
the TA vector and sequenced. To obtain the 3′ end of the
cDNA ORF for human GLTP, a primary PCR reaction was
performed using human fibroblast total RNA (2µg), the
anchor primer (UPX), and GLTP gene-specific primer,
gspF1, complementary to ORF bp 247-270. An aliquot of
the initial PCR reaction served as a template in a second
round PCR reaction (nested PCR) using the nested anchor
primer and nested gene-specific primer, gspF2, which was
complementary to ORF bp 280-300. PCR products were
separated on a 1.5% agarose gel by electrophoresis and were
cloned into the TA vector prior to sequencing.

The full-length cDNA ORF (627 bp) encoding human
GLTP was constructed by bridge-overlapping-extension PCR
using the gene-specific forward primer complementary to
the 5′ end ORF (bp 1-18) and the gene-specific reverse
primer complementary to the 3′ end ORF (bp 610-630).
Thermocycling conditions were initial denaturation at 95°C

2 Nucleotide sequences for human skin fibroblast GLTP (AF209704),
bovine brain GLTP (AF209701 and NM016433), porcine brain GLTP
(AF209702 and NM016433), and mouse JB6 epidermal cell GLTP
(AF209703) have been deposited in the NCBI GenBank database. The
amino acid sequences can be accessed through the NCBI protein
database (accession numbers AAF33210 and NP_057517 for human
GLTP; AAF33207, P17403, and NP_786993 for bovine GLTP;
AAF33208 and P17403 for porcine GLTP; and AAF33209 and Q9JL62
for mouse GLTP).
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for 5 min; 35 cycles of 30 s at 57°C, of 90 s at 72°C, and
of 1 min at 94°C; and final elongation for 7 min at 72°C.
The reading frame fidelity of the 627 bp cDNA encoding
full-length GLTP was verified by sequencing after cloning
into pGEMT vector using theBamHI andHindIII restriction
sites. Recombinant GLTP (rGLTP) was generated by sub-
cloning the ORF into pQE-9 vector using theBamHI and
HindIII restriction sites. After transformation, cells (M15)
were grown in 2× YT medium at 30°C until cell density
reached an OD600 of 1.5. Expression of rGLTP was induced
with 0.1 mM isopropyl-1-thio-â-D-galactopyranoside, and
cell incubation was continued for 2 h. After harvesting, cells
were lysed by sonication after treatment with lysozyme (1
mg/mL) and centrifuged (10000g for 15 min). The super-
natant, which contained about 50% of the rGLTP protein,
was purified on Ni-NTA agarose affinity matrix by washing
and releasing using 60 mM imidazole. Utilizing the recom-
binant approach, at least 20 times more purified human
rGLTP could be obtained in 90% less time than that required
to purify from animal tissues.

SDS-PAGE and Immunoblotting. Protein purity was
assessed by electrophoresis under reducing conditions on
16% polyacrylamide gels (0.75 mm) containing 0.1% SDS
and by detection with Coomassie Brilliant Blue (17, 25) or
by immunoblotting using antibodies specific for GLTP or
for the N-terminal His tag. Anti-GLTP polyclonal rabbit IgG
was raised against a 12 amino acid peptide identical to the
C terminus of bovine brain GLTP, affinity-purified using
protein A Sepharose, and immunosorbed against PDVF-
immobilized GLTP (24). Incubation with goat anti-rabbit IgG
conjugated to horseradish peroxidase (HRP) (Pierce, Rock-
ford IL) permitted visualization using Super Signal West Pico
Chemiluminescent Substrate (Pierce). The anti-His mono-
clonal mouse antibody was conjugated to HRP (Invitrogen).
Figure 1 shows the SDS-PAGE of rGLTP (24.7 kDa)
expressed in the soluble fraction of M15 cells (lane 2) and
after affinity purification (lanes 4-7). Also shown are
immunoblots using rabbit IgG polyclonal antibody against
GLTP or anti-His G-HRP monoclonal antibody (lanes 8 and
9 of Figure 1).

ActiVity of rGLTP.To assess activity of the purified GLTP,
two established assays were used. A fluorescence-based
resonance energy transfer (RET) assay involving anthrylvinyl
(AV)-labeled glycolipid (1 mol %) and a nontransferable
perylenoyl-labeled triglyceride (1.5 mol %) permitted con-

tinuous real time monitoring of GLTP activity. 1-Palmitoyl-
2-oleoyl phosphatidylcholine (POPC) donor vesicles con-
taining the fluorescent lipids were prepared by rapid ethanol
injection, and POPC acceptor vesicles were prepared by
sonication. Calculation of the transfer rate was performed
by fitting to first-order exponential behavior. The established
nature of the RET assay is well-documented (22, 26, 33).
RET assay results were corroborated using a radiolabeled
intervesicular transfer assay. Donor POPC vesicles containing
2 mol % [3H]GalCer, 10 mol % negatively charged dipalmit-
oyl phosphatidic acid, and a trace of [14C]tripalmitate
(nonexchangeable marker) were prepared by sonication in
10 mM sodium phosphate (pH 7.4), 1 mM DTT, 1 mM
EDTA, and 0.02% NaN3. Sonicated POPC vesicles served
as acceptor membranes. After incubation with protein (0.2-1
µg), charged donor and neutral acceptor vesicles were
separated by rapid elution over DEAE Sephacel minicolumns
(17, 22, 26).

Fluorescence Measurements of GLTP. Steady-state fluo-
rescence measurements were performed using a SPEX
Fluoromax instrument (Instruments S. A., Inc., Edina, NJ).
Excitation and emission band passes were 5 nm, and the
cuvette holder was temperature-controlled to 37( 0.1 °C
(Neslab RTE-111, Portsmouth, NH). To eliminate contribu-
tions from amino acid residues other than Trp and to
minimize absorbance by acrylamide, the excitation wave-
length was 295 nm. Emission spectra were recorded from
310 to 420 nm using GLTP concentrations (1µM) with an
optical density of less than 0.1 at 295 nm to avoid the inner-
filter effect. In liposome experiments, a cross-oriented
configuration of the polarizers (Expol ) 90° and Empol )
0°) provided maximal suppression of liposome-scattering
artifacts (34).

For 1-anilinonaphthalene-8-sulfonic acid (1,8 ANS) mea-
surements, GLTP (2µM) was incubated at 37°C for 20 min
in different urea concentrations buffered with 10 mM sodium
phosphate (pH 7.4), 1 mM DTT, 1 mM EDTA, and 0.02%
sodium azide. ANS (10µM) was mixed with protein samples
for 10 min prior to recording emission spectra (400-560
nm) while exciting at 375 nm with excitation and emission
slits set at 5 nm. Blank spectra were recorded for each sample
prior to protein addition and subtracted from the correspond-
ing spectra recorded with the protein present. Similar results
were obtained when GLTP was incubated at 24°C for 12 h

FIGURE 1: (Left panel) SDS-PAGE (lanes 1-7) visualized by Coomassie staining. Lane 1, standards; lane 2, lysate supernatant ofE. coli
transformed with pQE9-GLTP ORF construct; lane 3, flow through from Ni-NTA agarose; lane 4, Ni-NTA agarose wash with 20 mM
imidazole; lanes 5-7, affinity-purified rGLTP (24.7 kD) released from Ni-NTA agarose with 60 mM imidazole; lanes 8 and 9, immunoblots.
Lane 8, anti-GLTP IgG; Lane 9, anti-His G-HRP as described in the Experimental Procedures. (Middle panel) Amino acid sequence of
human GLTP showing the location of three Trp (W) residues. (Right panel) Hydropathy plot of GLTP showing the environment of three
Trp residues (b). The Kyte and Doolittle approach was used with an average window size of 19 amino acids plotted at one-residue intervals.
Increasing hydrophobicity is indicated by an increasing positive value (55, 56).
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with the different buffered urea concentrations prior to
addition of ANS.

Liposome Preparation.Liposomes were prepared by
mixing lipids from stock solutions in organic solvent,
removing the solvent under a stream of N2 followed by
vacuum evaporation (4 h), resuspending in buffer, then
cyclically (6-8×) vortexing for 0.5-1 min, and bath
sonicating for 5 min at∼70 °C.

Analysis of Tryptophan Quenching.Both acrylamide
(neutral) and KI (ionic) were used to analyze Trp acces-
sibility. With KI, 10 mM sodium thiosulfate buffer was added
to prevent the formation of I3

-, which absorbs in the region
of Trp fluorescence. The Stern-Volmer equation was used
to analyze the quenching of the Trp fluorescence

in which F0 and F are the fluorescence intensities in the
absence and presence of the quencher, [Q] is the concentra-
tion of the quencher, andKSV is the Stern-Volmer quenching
constant (35). In a protein containing several Trp residues,
the presence of different classes of Trp residues (exposed
and buried) is reflected by a downward curvature in the
Stern-Volmer plot. The fraction of total fluorophore acces-
sible to the quencher was determined using a modified
Stern-Volmer plot (36)

in which KQ is the modified quenching constant andfa is
the fraction of the initial fluorescence accessible to the
quencher.F, F0, and [Q] have the same meaning as in eq 1.

RESULTS AND DISCUSSION

Intrinsic Trp Fluorescence in Human rGLTP and Acces-
sibility to Quenchers.Cloned human GLTP was expected
to be intrinsically fluorescent for two reasons. First, the
protein has 3 Trps and 10 Tyrs among its 209 amino acid
residues (Figure 1). Second, in the original purification of
GLTP from porcine brain (15), the authors included a table
that summarized the composition of all amino acids except
Trp. A footnote in the table indicated that excitation at 280
nm resulted in an emission maximum of 342 nm. To our
knowledge, no other information regarding the fluorescence
properties of any GLTP has been reported. Our aim was to
determine the environment in which the Trps of human
rGLTP reside and assess the potential for providing informa-
tion about GLTP function. To selectively excite only the
Trps, a wavelength of 295 nm was used. The fluorescence
response was characterized by a broad emission peak with
a wavelength maximum (λmax) centered near 347 nm (Figure
2). The red-shifted nature ofλmax suggested a relatively polar,
average environment for the Trp residues. To confirm that
the emission spectra reflected the active conformation of
GLTP, glycolipid intermembrane transfer activity was as-
sessed. The initial rate of fluorescent (AV)-GalCer transfer
between membrane vesicles by freshly prepared rGLTP was
∼20% higher than that of native GLTP, purified from bovine
brain and stored for several months at-70 °C. Similar
differences in activity were obtained using a radiolabeled
intervesicular transfer assay involving3H-GalCer (data not
shown). The activity differences could not be traced to a

lack of glycosylation or lipidation in rGLTP, which was
expressed inEscherichia coli, because experimental and
bioinformatics analyses indicate that neither of these post-
translational modifications occur in native mammalian GLTP
(15). The somewhat higher activity of rGLTP presumably
reflects the dramatically reduced time (∼3-5 days) associ-
ated with the affinity-based purification of overexpressed
rGLTP from E. coli, compared to the much lengthier time
(6-8 weeks) associated with purification by traditional
chromatographic approaches of sparsely expressed native
GLTP from natural tissue sources. It is noteworthy that
difficulties have been reported previously in keeping native
GLTP fully active following lengthy purification and long-
term storage (14, 16).

To evaluate the accessibility of the Trp residues to the
aqueous milieu, acrylamide was used to quench the Trp
fluorescence of human rGLTP. Acrylamide is an uncharged
but soluble molecule, known to efficiently quench the
fluorescence of indole derivatives exposed to the aqueous
milieu. In contrast, Trp residues deeply buried in a protein
are generally more blue-shifted (λmax < ∼330 nm) and
inaccessible to quenching by acrylamide (37, 38). Prior to
performing the acrylamide-quenching experiments with
rGLTP, the effect of acrylamide on rGLTP transfer activity
was determined because acrylamide has been the subject of
controversy regarding its capacity to induce conformational
changes in certain proteins (39, 40). Acrylamide concentra-
tions needed for quenching (0-0.3 M) produced no negative
effects on rGLTP activities, monitored using either radio-

F0/F ) 1 + KSV[Q] (1)

F0/(F0 - F)) 1/fa + 1/(KQfa[Q]) (2)
FIGURE 2: Quenching of Trp fluorescence in GLTP by acrylamide
and KI. Emission scans were recorded using a 5 nmband pass
while exciting GLTP (1µM = 24 mg/mL) at 295 nm in the
presence of increasing concentrations of acrylamide (A) and KI
(B) as described in the text.
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labeled or fluorescent glycolipid transfer assays (data not
shown).

Figure 2A shows that the total fluorescence emission
intensity associated with the Trp residues of rGLTP de-
creased as acrylamide concentration increased. Stern-
Volmer analyses of the Trp quenching revealed time-
dependent, conformational differences in rGLTP at low
versus moderate ionic strength (Γ/2 ) 0.034 versus 0.184).
For instance, when different amounts of acrylamide were
incubated with identical rGLTP aliquots at low ionic strength
for 4 min prior to recording the emission spectra, linear
Stern-Volmer plots were obtained (Figure 3A) and a 1-1.5
nm blue shift inλmax was observed at higher acrylamide
concentrations (e.g., 0.3 M). In contrast, when rGLTP
aliquots were quenched by adding acrylamide in successive
increments, resulting in extended 37°C incubations (e.g.,
1-1.5 h) at low ionic strength, the Stern-Volmer plots
displayed slight downward curvature (Figure 3B) and a more
pronounced (∼5-7 nm) blue shift inλmax (Figure 2B).
According to the classic interpretation, linearity of a Stern-
Volmer plot indicates that all emitting Trp residues are
accessible to the quencher, whereas a downward curvature
implies that the Trp residues reside in two environments,
one readily accessible and the other inaccessible to acryl-
amide. Determining the proportion of Trp residues in each
environment can be achieved by modified Stern-Volmer
analysis. In our case involving extended incubation of rGLTP

at low ionic strength, modified Stern-Volmer plots were
linear and indicated quenching of∼70% of the total
fluorescence, i.e., two of three Trps (data not shown). Of
course, as with any protein containing multiple Trp residues,
a potential caveat lies in the fact that the fluorescence signal
of the Trps in rGLTP represents a superposition of individual
Trp signals, which reside in nonidentical environments
because of differing neighboring amino acid side chains that
may not contribute equally to the total observed fluorescence.
However, regardless of the exact number of Trp residues
accessible to acrylamide, the results suggested that the Trp
fluorescence of rGLTP is a sensitive indicator of time-
dependent conformational changes that are triggered by
extended incubation of rGLTP at low ionic strength.

To evaluate the situation further, additional experiments
were performed. When Trp emission intensity of rGLTP was
measured intermittently during a 90 min incubation at low
ionic strength (37°C) in the absence of acrylamide (F0), time-
dependent decreases were observed resulting in∼10% lower
F0 values. The net effect was decreased Stern-VolmerF0/F
values and a slight downward curvature in the Stern-Volmer
plots (Figure 3B). In contrast, incubating rGLTP for 90 min
(37 °C) at physiological ionic strength, resulted in no loss
in Trp emission intensity (F0 values), higherF0/F values,
and linear Stern-Volmer plots (e.g., Figure 3A).

Trp accessibility in rGLTP also was probed by quenching
with KI (Figure 2B). Iodide is a potent fluorescence quencher
of exposed Trp residues, but its charge and large size restrict
it from approaching Trps located within the hydrophobic core
of a protein. The emission intensity originating from the Trps
in rGLTP was quenched by increasing iodide concentrations,
while λmax showed only a slight blue shift (1-2 nm) (Figure
2B). Stern-Volmer plots were linear, suggesting that emit-
ting Trps are accessible to the soluble quencher (Figure 3C).
However, the linearity of the KI-quenching response in
Stern-Volmer plots was found to be ionic-strength-depend-
ent. If aliquots of KI were added to rGLTP without
maintaining constant ionic strength, a downward curvature
was observed (Figure 3D) as well as a blue shift inλmax

(Figure 2B). Modified Stern-Volmer plots revealed∼75%
quenching of Trp fluorescence by KI, consistent with
accessibility of two of three Trps. Again, it should be
remembered that each Trp residue does not need to contribute
equally to the total emission. While the value offa indicates
the fraction of fluorescence accessible to quenching (Table
1), it does not need to be identical to the fraction of Trp
residues accessible to quenching (36, 37, 41).

Together, the red-shifted nature ofλmax (∼347 nm) of
GLTP and the quenching response to acrylamide and KI
suggest that the fluorescing Trp residues of rGLTP are not
buried deeply in hydrophobic domains and reside in relatively
polar environments that are accessible to the aqueous milieu
at physiological ionic strength. Hydropathy analysis of the
Trp residues in rGLTP supports the preceding idea (right
panel of Figure 1). In contrast, at low ionic strength, extended
incubation of rGLTP at 37°C results in nonlinear Stern-
Volmer plots andfa values consistent with two of the three
Trp residues being accessible to soluble quenchers. This
altered protein conformation appears to represent a less active
rGLTP state because extended incubation of rGLTP at low
ionic strength and 37°C resulted in diminished transfer
activity.

FIGURE 3: Stern-Volmer analyses of GLTP fluorescence quench-
ing by acrylamide and KI. Equations used to generate the plots are
described in the Experimental Procedures. (A) Different acrylamide
amounts incubated with identical GLTP aliquots for 4 min at low
ionic strength prior to recording Trp emission spectrum for each
GLTP aliquot. (B) Successive and repetitive addition of acrylamide
to the same GLTP aliquot (at low ionic strength) with Trp emission
spectrum recorded following each acrylamide addition. (C) Different
KI amounts incubated with identical GLTP aliquots for 4 min prior
to recording Trp emission spectra. GLTP aliquots were maintained
at constant ionic strength (300 mM) using KCl, which itself had
no effect on the Trp emission intensity. (D) Successive and
repetitive addition of KI to the same GLTP aliquot with Trp
emission spectrum recorded following each KI addition. Ionic
strength in the absence of KI was low and increased according to
the KI concentration.
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While the observation that rGLTP becomes less stable
when incubated at 37°C and low ionic strength cannot be
considered surprising, what is noteworthy is the following.
Examination of the fluorescence-quenching literature reveals
that the widely used method of quenching with acrylamide,
by successively adding the quencher to the same sample of
peptide/protein, lends itself to misinterpretation of the results.
Peptide/protein conformational changes that occur during
extended incubation under less than ideal conditions, i.e.,
low ionic strength (e.g., Figure 3B) often go unrecognized,
and nonlinearity in the resulting Stern-Volmer plots is
mistakenly attributed to two Trp environments in a native
protein. The problem occurs less frequently with KI, presum-
ably because the ionic nature of KI necessitates that greater
attention needs to be paid to ionic strength issues.

ReVersible Conformational Changes in GLTP Induced by
Urea.The Trp fluorescence response observed with soluble
quenchers suggested that certain environmental conditions,
i.e., low ionic strength, could generate rGLTP conformational
changes involving partial unfolding. To characterize and
better understand the Trp fluorescence response of rGLTP
during systematic unfolding and refolding, the protein was
incubated with various concentrations of urea prior to
measuring Trp emission. As shown in Figure 4, the fluo-
rescence intensity of the Trp residues in rGLTP decreased
in response to increasing urea, and a blue shift of∼3 nm in
λmax was observed. The blue shift was evident only at high
urea concentrations (e.g., 4 and 8 M urea). Denaturation of

rGLTP induced by 8 M urea also affected the quenching
responses of acrylamide and KI as illustrated by the Stern-
Volmer plots for each quencher (Figure 5). The linearity of
the plots was consistent with all fluorescent Trp residues
being accessible to the quencher. Significantly decreased
Stern-Volmer quenching constants were obtained for urea-
treated rGLTP compared to untreated GLTP (Table 1). Also,
the quenching efficiency by KI in urea-treated rGLTP was
relatively poor compared to acrylamide, indicating less
efficient quenching of the Trp(s) by the ionic quencher.

To establish the effect of urea on rGLTP activity, the
kinetics of glycolipid intermembrane transfer were analyzed
using a RET assay involving the continuous monitoring of
AV-GalCer desorption from donor membrane vesicles as
a function of time. Figure 6A shows that urea concentrations
well below 1 M dramatically slowed the intermembrane
transfer of glycolipid. In separate control experiments (data
not shown), urea concentrations of 1 M or less were found
not to mitigate the fluorescence response of the anthryl-
vinyl or perylenoyl acyl chain labeled lipids in the donor
vesicles nor the response following transfer to the acceptor
vesicles.

To determine how well urea-denatured rGLTP could be
renatured, rapid dilution was used from various starting urea
concentrations and at different temperatures. Rapid dilution
of urea helped avoid protein aggregation and precipitation
problems that occurred when slower dilution approaches,
such as dialysis, were employed (42). Initial results showed

Table 1: Stern-Volmer Quenching Constant and Percentage of Trp Fluorescence Quenched by Aqueous Quenchers (fa)a

KQ (or KSV)*
(acrylamide)

fa
(acrylamide)

KQ (or KSV)*
(KI)

fa
(KI)

GLTP (extended incubation at low ionic strength) 13.28 0.71 15.71 0.76
GLTP (elevated ionic strength)* 7.62 1.0 7.46 1.0
GLTP + 6 M urea* 3.87 1.0 1.64 1.0
GLTP + liposomes (POPC) 8.10 0.65
GLTP + liposomes (20% 18:1 GalCer+ 80% POPC) 8.16 0.55
GLTP + liposomes (20% 18:1 LacCer+ 80% POPC) 6.87 0.53

a Modified Stern-Volmer analyses were used to determineKQ (M-1) and fa values except for cases (indicated by an asterisk) in which linear
Stern-Volmer plots were observed. Elevated ionic strength refers to quenching at 37°C by acrylamide at 150 mM NaCl and by KI at 300 mM
KCl. Short incubations of GLTP at low ionic strength and 37°C yieldedKSV andfa values for acrylamide similar to those obtained with 150 mM
NaCl.

FIGURE 4: Changes in Trp fluorescence of GLTP induced by urea.
Emission scans were recorded using a 5 nmband pass while exciting
GLTP (1 µM) at 295 nm in the presence of increasing concentra-
tions of urea.

FIGURE 5: Stern-Volmer analysis of tryptophan quenching by
acrylamide and KI, following 8 M urea treatment of GLTP.
Equations used to generate the plots are described in the Experi-
mental Procedures.
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partial recovery of Trp fluorescence emission intensity
(∼40%) but with no clear-cut evidence of a shift inλmax back
to 347 nm (data not shown). Because of the red-shifted nature
of Trp emission in fully active rGLTP and the relatively small
shift in λmax resulting from urea-induced denaturation, a
complementary and more robust approach was desired to
monitor the denaturation-renaturation of rGLTP. In this
regard, 1,8 ANS proved useful because of its well-established
and favorable fluorescence response for monitoring protein
denaturation-renaturation processes (43). 1,8 ANS is an
amphiphilic fluorescent dye that has proven to be a particu-
larly useful probe because its fluorescence properties are very
responsive to the polarity of its environment. The fluores-
cence intensity of 1,8 ANS increases substantially, and its

emission maximum undergoes a strong blue shift when
proteins to which it binds undergo transitions from unfolded
to fully or partially folded states that provide shielding from
water. Thus, 1,8 ANS is an excellent probe to detect
unfolding intermediates and to monitor protein refolding.
Recent isothermal titration calorimetry studies also have
revealed that 1,8 ANS molecules bind to different proteins
primarily through electrostatic interactions and to a lesser
extent via hydrophobic association (44). These investigators
noted a rigorous stoichiometry between 1,8 ANS bound by
protein and the total available protonated lysines, histidines,
and arginines. Because GLTP contains 18 lysines, 4 his-
tidines, and 6 arginines, we expected that 1,8 ANS would
provide a sensitive way to monitor changes in rGLTP
conformation induced by urea.

When rGLTP was treated with increasing urea concentra-
tions (Figure 7A), the 1,8 ANS emission intensity decreased
nearly 9-fold and a large red shift was observed inλmax (468
f 503 nm), consistent with the unfolding of rGLTP. To
assess how well urea-denatured GLTP could be renatured,
the urea concentration was lowered by rapid dilution from
8 M starting concentration. Figure 7B shows that the dilution
of urea resulted in a substantial increase in 1,8 ANS emission
intensity along with a blue shift ofλmax, consistent with
rGLTP refolding. After dilution, the recovery of 1,8 ANS
emission intensity and the magnitude of theλmax blue shift
were found to depend on the final urea concentration
remaining with rGLTP.

FIGURE 6: Effect of urea on GLTP-mediated intermembrane transfer
of glycolipid. (A) Increasing urea concentrations decrease GLTP-
mediated transfer of glycolipids between bilayer vesicles as detected
by AV-GalCer used in the RET assay. (B) Recovery of GLTP
activity by rapid dilution of urea-GLTP mixtures and detected
using fluorescent GalCer (AV-GalCer) in the RET assay. (C)
Effect of low urea concentrations (<1 M) on GLTP-mediated
intermembrane transfer of tritiated GalCer. GLTP was incubated
in 8 M urea at 37°C for 10 min prior to rapid dilution to 0.4 or 0.8
M urea. Control values shown as 0 M urea represent GLTP that
had not been exposed to urea but was diluted to a similar extent as
the urea-treated samples. Details of the RET and radiolabeled assays
are provided in the Experimental Procedures. Standard errors are
(5%.

FIGURE 7: Changes in 1,8 ANS fluorescence upon interaction with
GLTP and following incubation of GLTP with urea. 1,8 ANS was
excited at 375 nm, and the relative emission was recorded from
390 to 570 nm (A) Effect of the increasing urea concentrations on
the GLTP folding state detected with 1,8 ANS. (B) Change in 1,8
ANS fluorescence produced by rapid dilution of urea-GLTP
mixtures.
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To determine the effect of adding and rapidly diluting urea
on rGLTP activity, the kinetics of glycolipid intermembrane
transfer were analyzed using the RET assay. Figure 6B shows
that rapid dilution of urea from 6 to 1 M followed by
incubation for 2 h at 4 °C had a positive effect on the
recovery of rGLTP activity. Incubation of rGLTP at either
4 °C for 2 h or 37°C for 10 min had no significant effect
on the recovery of rGLTP activity. Partial recovery of rGLTP
transfer activity following rapid urea dilution also was
confirmed using a radiolabeled glycolipid assay. Figure 6C
shows that, following incubation of rGLTP in 8 M urea at
37 °C for 10 min, rapidly diluting to 0.4 M urea resulted in
a recovery of∼80-95% of the rGLTP activity, whereas
rapidly diluting to 0.8 M urea resulted in a recovery of∼65-
75% of the rGLTP activity.

Interaction of GLTP with Glycolipid Liposomes.The
finding that rGLTP undergoes Trp-sensitive conformational
changes in response to environmental conditions suggested
that changes in Trp fluorescence could be expected upon
incubation of rGLTP with glycolipid liposomes. Changes in
Trp fluorescence intensity are commonly observed when
peripheral proteins interact with membranes (34). Often, the
emission intensity increases and theλmax undergoes a blue
shift when a Trp-containing protein moves from an aqueous
solution to a membrane-bound state. Even so, other responses
have been reported for some peptides (45, 46). Because
rGLTP accelerates the in vitro transfer of glycolipids between
membranes, it is reasonable to expect that rGLTP interacts
with membranes, either transiently or stably. Although
previous studies of GLTP-mediated glycolipid transfer kinet-
ics appear to support a carrier mode of protein transfer (11,
12, 22), the issue is far from settled because the location of
GLTP during the transfer process has not been unequivocally
established and protein-lipid binding ratios of∼8:1 have
been reported (12, 15). Our goal was to evaluate whether
changes in Trp fluorescence could provide direct evidence
of rGLTP interaction with membranes containing glycolipids.
From an energetic standpoint, localization of Trp residues
to rGLTP regions involved in the interaction with the
membrane surface and/or liganding of the glycolipid sugar
headgroup are reasonable expectations given the known
preference of Trps for the interfacial regions of membranes
(47, 48) and the presence of Trp in the soluble sugar-
liganding site of certain lectins (49).

Figure 8 shows that the Trp fluorescence of rGLTP was
dramatically affected by mixing with liposomes composed
of either bovine brain GalCer or 18:1 GalCer. As anticipated,
λmax did undergo a strong blue shift (9-12 nm). However,
the Trp emission intensitydecreased(parts A and B of Figure
8). A similar response was observed when rGLTP was mixed
with LacCer liposomes (data not shown). When rGLTP was
mixed with either POPC (Figure 8C) or egg sphingomyelin
(Figure 8D) liposomes, slight increases in Trp emission
intensity were observed along with blue shifts inλmax (347
f 342 nm). Control experiments indicated that liposome
scattering, which is known to produce a loss of excitation
and emission signal (34), could not account for the reduced
Trp emission intensity. Moreover, at 1µM rGLTP, a
“saturation” response was observed with the glycolipid
liposomes (parts A and B of Figure 8). Whereas decreasing
Trp emission intensity was observed with increasing glyco-
lipid liposome concentrations up to 25µM, no further change

in Trp emission intensity was observed at glycolipid liposome
concentrations between 25 and 120µM. The nature of the
Trp fluorescence response, i.e., diminished emission intensity
accompanying a blue shift inλmax, is distinctive but not
unprecedented. Similar responses in Trp fluorescence have
been reported when certain peptides interact with liposomes
(45, 46) and when certain lectins interact with soluble sugars
(49-51). The blue shift and decreasedfa values (Table 1)
support the idea that rGLTP incubation with glycolipid
membranes places the Trp(s) into a less polar environment
that is more difficult for acrylamide to access.

The following scenarios appear to be among the most
plausible explanations for the observed fluorescence re-
sponse. One possibility is that rGLTP interaction with
glycolipid liposomes triggers conformational changes, caus-
ing some Trps to become partially quenched by neighboring
amino acids in the vicinity of the indole residue(s). It is
noteworthy that 40% of the amino acids in rGLTP have the
capacity to quench Trp fluorescence. The amino acids include
18 lysines, 16 glutamic acids, 10 tyrosines, 10 asparagines,
8 glutamines, 8 aspartic acids, 6 arginines, 4 histidines, and
3 cysteines (52, 53). More importantly, rGLTP primary
amino acid sequence data reveal reasonably close proximity
of Trp residues to the possible quenchers (underlined amino
acids) [...EVEKEMYGAEW85PKVGATLALM W96LKRGL-
RFIQV... and ...YEMALKKYHGW142IVQKIFQAALY...],
lending support to the idea that conformational changes in
GLTP could lead to the quenching of Trp fluorescence.

Another explanation for the observed fluorescence re-
sponse could be close proximity of an emitting Trp(s) to the
glycolipid interaction site of GLTP and quenching upon
acquisition of glycolipid by GLTP, analogous to the situation
that occurs when certain lectins bind soluble sugars (49-

FIGURE 8: Changes in Trp fluorescence of GLTP induced by
glycolipid liposomes. Spectra were recorded as described in the
Figure 2 caption. Spectral subtraction of liposome blanks was
routinely used. Corrections for liposome-induced reduction of Trp
excitation and emission were estimated from measurements of Trp
plus liposomes. Controls that maximally suppress liposome-
scattering artifacts using a cross-oriented configuration of the
polarizers (Expol ) 90° and Empol ) 0°) did not significantly change
the outcome (34). (A) Porcine brain GalCer/POPC (1:4); (B) 18:1
GalCer/POPC (1:4); (C) POPC; (D) egg sphingomyelin.
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51). To directly test this possibility, GLTP-liposome
mixtures were centrifuged after incubation to recover the
soluble GLTP (supernatant) by pelleting the liposomes. Then
the fluorescence emission spectra of the GLTP was measured
to determine whether any blue shift in the Trp emissionλmax

had occurred relative to spectra obtained for either untreated
soluble GLTP or for GLTP that had been incubated with
POPC vesicles containing no glycolipid. The recovered
GLTP did display a blue-shifted emissionλmax, which was
centered near 335 nm and virtually identical to the emission
λmax observed prior to any separation of liposomes and GLTP
(data not shown). Similar results were obtained when GLTP
was separated from the liposomes by gel chromatography
(54) rather than by centrifugation. Accompanying the blue
shift was a marked decrease in the relative quantum yield
of GLTP that had been incubated with glycolipid liposomes
but not for GLTP incubated with phosphatidylcholine lipo-
somes or with no liposomes at all. The change in quantum
yield occurred because of decreased emission intensity and
not because of altered absorption of GLTP. The data support
the idea that glycolipid liganding to GLTP is a substantial
contributor to the fluorescence changes observed upon
mixing of GLTP with glycolipid liposomes. What remains
to be resolved is the extent of Trp involvement in the
interaction of GLTP with the membrane as a whole. A more
definitive insight into this issue will likely require a
systematic point mutation of each Trp residue of GLTP and/
or determination of the three-dimensional structure of GLTP.
Nonetheless, our results provide a firm foundation for such
future work and strongly implicate one of the Trp residues
as playing a role in the liganding of glycolipid during the
transfer of glycolipids between membranes.

CONCLUSIONS

The present study describes the molecular cloning of
human GLTP, which was found to be 98% homologous to
the bovine and porcine GLTPs and provides the first
characterization of the intrinsic Trp fluorescence of human
rGLTP. The results suggest that the Trp residues are
accessible to soluble quenching agents. More importantly,
the Trp fluorescence responds sensitively to rGLTP confor-
mational changes produced by changing ionic strength and
in rather distinctive ways to mixing with glycolipid lipo-
somes. The findings provide the first insight into the global
conformational changes accompanying GLTP folding into
an active conformational state and the more subtle confor-
mational changes that play a role in GLTP-mediated transfer
of glycolipids between membranes.
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