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Glycolipid Acquisition by Human Glycolipid Transfer Protein

Dramatically Alters Intrinsic Tryptophan Fluorescence
INSIGHTS INTO GLYCOLIPID BINDING AFFINITY*®

Received for publication, December 3, 2008, and in revised form, February 23,2009 Published, JBC Papers in Press, March 7, 2009, DOI 10.1074/jbc.M809089200

Xiuhong Zhai*, Margarita L. Malakhova®, Helen M. Pike*, Linda M. Benson®, H. Robert Bergen III°, Istvan P. Sugar”,
Lucy Malinina'’, Dinshaw J. Patel**?, and Rhoderick E. Brown**

From *The Hormel Institute, University of Minnesota, Austin, Minnesota 55912, the SMayo Proteomics Research Center,

Mayo Clinic College of Medicine, Rochester, Minnesota 55905, the "Department of Neurology, Mount Sinai School of Medicine,
New York, New York 10029, IStructural Biology, CIC bioGUNE, Parque Tecnoldgico de Vizcaya, Ed. 800, Derio 48160, Spain,

and the **Structural Biology Program, Memorial Sloan-Kettering Cancer Center, New York, New York 10065

Glycolipid transfer proteins (GLTPs) are small, soluble pro-
teins that selectively accelerate the intermembrane transfer of
glycolipids. The GLTP fold is conformationally unique among
lipid binding/transfer proteins and serves as the prototype and
founding member of the new GLTP superfamily. In the present
study, changes in human GLTP tryptophan fluorescence,
induced by membrane vesicles containing glycolipid, are shown
to reflect glycolipid binding when vesicle concentrations are
low. Characterization of the glycolipid-induced “signature
response,” i.e. ~40% decrease in Trp intensity and ~12-nm blue
shift in emission wavelength maximum, involved various modes
of glycolipid presentation, i.e. microinjection/dilution of lipid-
ethanol solutions or phosphatidylcholine vesicles, prepared by
sonication or extrusion and containing embedded glycolipids.
High resolution x-ray structures of apo- and holo-GLTP indi-
cate that major conformational alterations are not responsible
for the glycolipid-induced GLTP signature response. Instead,
glycolipid binding alters the local environment of Trp-96, which
accounts for ~70% of total emission intensity of three Trp resi-
dues in GLTP and provides a stacking platform that aids forma-
tion of a hydrogen bond network with the ceramide-linked sugar
of the glycolipid headgroup. The changes in Trp signal were used to
quantitatively assess human GLTP binding affinity for various lip-
ids including glycolipids containing different sugar headgroups
and homogenous acyl chains. The presence of the glycolipid acyl
chain and at least one sugar were essential for achieving a low-to-
submicromolar dissociation constant that was only slightly altered
by increased sugar headgroup complexity.
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Glycolipid transfer protein (GLTP)* is a soluble (~24-kDa)
protein that selectively transfers glycosphingolipids (GSLs)
between membranes. GSLs play key roles in cell recognition,
adhesion, differentiation, proliferation, and programmed death
in normal and disease states (1—8). Phylogenetic/evolutionary
analyses show GLTP to be highly conserved among vertebrates
(9-11). The conformational uniqueness of the GLTP fold when
compared with other lipid binding/transfer proteins (12—-14)
has resulted in GLTP being designated the prototype and
founding member of the GLTP superfamily (15, 16). GLTP
employs a novel two-layer “sandwich motif,” dominated by
a-helices and achieved without intramolecular disulfide
bridges, to accommodate glycolipid within a single lipid bind-
ing site and to form a membrane-interaction domain that dif-
fers from other known membrane targeting/translocation
domains, i.e. C1, C2, PH, PX, and FYVE (9, 13, 17-21). The
glycolipid binding site of GLTP consists of a sugar headgroup
recognition center that anchors the ceramide-linked sugar to
the protein surface via multiple hydrogen bonds and a hydro-
phobic tunnel that accommodates the hydrocarbon chains of
ceramide. The crystal structures of glycolipid-free GLTP and of
GLTP complexed with a half-dozen glycolipids differing in
sugar headgroup and/or lipid acyl composition reveal the basis
for specific recognition and adaptive accommodation of vari-
ous GSLs. A conserved, concerted sequence of events, initiated
by anchoring of the GSL headgroup to the sugar headgroup
recognition center, seems to facilitate entry and exit of the lipid
chains in the membrane-associated state (13). Glycolipid
uptake occurs via a cleft-like gating mechanism involving con-
formational changes to one a-helix and two interhelical loops
(12). The selectivity of GLTP for glycolipids makes this protein
a prime candidate for molecular manipulation of GSL-enriched
microdomains in membranes as well as a potential vehicle for
selectively delivering glycolipids to cells. However, the binding
affinity of various glycolipids for GLTP and the time frame of

“The abbreviations used are: GLTP, glycolipid transfer protein; WT-GLTP,
wild-type GLTP; rGLTP, recombinant GLTP; LacCer, lactosylceramide;
GalCer, galactosylceramide; GlcCer, glucosylceramide; PC, phosphati-
dylcholine; POPC, 1-palmitoyl-2-oleyl-phosphatidylcholine; Gy,;,
monosialoganglioside; SUV, small unilamellar vesicle; LUV, large unila-
mellar vesicle; GSL, glycosphingolipid; FPLC, fast protein liquid chroma-
tography; ESI-MS, electrospray ionization mass spectrometry; SEC, size
exclusion chromatography.
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GSL uptake by GLTP remain unclear. In the present study,
these issues are investigated using fluorescence approaches.
GLTP is intrinsically fluorescent by virtue of having 3 Trp
and 10 Tyr residues among its 209 amino acids. All 3 Trp resi-
dues reside on or near the surface of GLTP (12-14, 17, 22, 23),
where they could help form a membrane-interaction site. Only
one, Trp-96, is directly involved in glycolipid binding (12-14).
Given the likely roles in membrane interaction and GSL bind-
ing, our goal was to define the relative contributions of the Trp
fluorescence changes caused by membrane interaction versus
glycolipid binding. A signature Trp emission response, indica-
tive of GSL binding by WT-GLTP, has been identified and char-
acterized using select GLTP point mutants and different modes
of glycolipid presentation, i.e. ethanol injection of pure GSLs
and titration with membrane vesicles (LUVs and SUVs) con-
taining GSLs as minor components. The signature Trp emis-
sion response has been used to comprehensively assess the gly-
colipid binding affinity of the novel GLTP fold for the first time,
focusing on the impact of compositional variation of the sugar
headgroup and nonpolar acyl chain moieties of the glycolipid.

EXPERIMENTAL PROCEDURES

Most GalCers, LacCers, and sphingomyelins with homoge-
neous acyl chains were synthesized by reacylating GalSph, Lac-
Sph, or lysosphingomyelin with the desired fatty acyl residue
(24, 25) (see supplemental information for details). Other gly-
colipids and all phosphoglycerides were purchased from Avanti
Polar Lipids (Alabaster, AL). n-Hexyl-B-p-glucoside was
obtained from Anatrace Inc. (Maumee OH). Stock phospho-
lipid concentrations were quantitated by the Bartlett method
(26), and glycolipids were quantitated by gravimetric analyses.
Lipid vesicles were produced by extrusion or sonication (see
supplemental information).

Protein Expression and Purification—Our GLTP purifica-
tions have been described previously in detail (22, 27). Briefly,
the open reading frame encoding human GLTP (National Cen-
ter for Biotechnology Information (NCBI) GenBank™ acces-
sion number AF209704) was subcloned into pET-30 Xa/LIC
expression vector (Novagen) by ligation-independent cloning,
enabling cleavage of the N-terminal His¢-S tag to yield protein
identical in sequence to native GLTP (12, 27). His,-GLTP also
was prepared because structural analyses indicate that glyco-
lipid binding might be subtly affected by the presence of the
N-terminal fusion tag (13). Site-directed mutants were pro-
duced by QuikChange® site-directed mutagenesis (Stratagene)
and verified by sequencing. Near UV CD analysis confirmed the
global folding similarity of WT-GLTP and W96F-GLTP (12).
Protein purity and concentration were determined by SDS-
PAGE and bicinchoninic acid (22). Glycolipid intervesicular
transfer activity of purified GLTP was monitored using estab-
lished assays involving fluorophore- or radiolabeled glycolipid
(see supplemental information).

Fluorescence Measurements—Emission spectra were meas-
ured using a SPEX FluoroMax instrument (HORIBA Scientific,
Edina, NJ). Excitation and emission band passes were 5 nm, and
the cuvette holder was temperature-controlled to 25 = 0.1 °C
(Neslab RTE-111, (Thermo Fisher Scientific)). To eliminate
contributions from residues other than Trp, the excitation
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wavelength was 295 nm. Emission spectra were recorded from
305 to 500 nm using GLTP concentrations at optical densities
>0.1 to avoid inner filter effects. GSL addition (2-ul aliquots;
0.1 mMm GSL stock in ethanol) to protein (2.5 ml; 1 um) involved
constant stirring. Rapid equilibration of the fluorescence emis-
sion signal (<3 min) was observed for glycolipids containing
either short saturated or longer unsaturated acyl chains (sup-
plemental Fig. S2). Binding isotherms were adjusted for the
constant fractional contributions of Trp-85 and Trp-142 deter-
mined from the emission response of W96F-GLTP. Dissocia-
tion constants were determined by nonlinear curve fitting using
Prism 4.0 (GraphPad Software, La Jolla, CA) (see supplemental
information).

Mass Spectrometry—WT-GLTP and GLTP-glycolipid com-
plex were analyzed using an Agilent 6210 LC/MS-TOF mass
spectrometer (Santa Clara, CA) by preparing (10 uM protein) in
5 mM ammonium acetate plus 5% methanol and infusing
directly into the electrospray source. Spectra were collected in
positive mode over an m1/z range of 500 —5000 using parameters
optimized for complex stability, e.g. capillary, 3000 V; fragmen-
tor, 300 V; skimmer, —60 V; octopole radio frequency, —300 V;
octopole direct current, —32 V. Raw spectra data were trans-
formed into relative molecular masses using the Agilent time-
of-flight Protein Confirmation software.

SHARP2 Analyses—WT-GLTP surface interaction site anal-
ysis was performed using SHARP2. The algorithm calculates
parameters for overlapping patches of residues on the surface of
a protein from Protein Data Bank (PDB) data (28). Six parame-
ters are assessed: solvation potential, hydrophobicity, accessi-
ble surface area, residue interface propensity, planarity, and
protrusion (SHARP2) (29). Patches are ranked according to
combined parameter scores, enabling assessment as potential
protein-protein interaction sites.

RESULTS

Our previous x-ray crystallographic analyses showed that the
3 Trp residues of human GLTP are located in the vicinity of the
glycolipid binding site (12-14). Trp-96 and Trp-142 are sur-
face-localized, 14—16A apart, and reside within a putative
membrane-interaction region that encompasses the glycolipid
binding site (Fig. 1, upper panel, and supplemental Fig. S1,
upper panel). Trp-96 also helps bind glycolipid by providing a
stacking platform for the initial ceramide-linked sugar and
facilitating formation of multiple hydrogen bonds between the
sugar ring hydroxyls and Asp-48, Asn-52, and Lys-55 (Figs. 1B
and 6). Trp-85 resides near the protein surface but is partially
buried, with its indole ring sandwiched between Pro-86 (cis
configuration) and Lys-78 (supplemental Fig. S1, lower panel).
The topology of the 3 Trp residues in glycolipid-free WT-GLTP
is reflected by the steady-state Trp fluorescence signal, which
is relatively red-shifted (A,,,, ~ 347 nm) and is diminished by
aqueous quenchers (22, 23). When glycolipid-free GLTP
encounters membranes containing glycolipid, dramatic
changes in Trp emission occur (22, 23), consistent with Trp
involvement in both the glycolipid binding site and the mem-
brane-interaction region of GLTP. The changes include: (i) a
large decrease in intensity and (ii) a substantial blue shift (~12
nm) in wavelength maximum (A,,,,). Our initial goal was to

max.
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FIGURE 1. Tryptophan topology in human GLTP. The upper panel shows the
crystal structure of the glycolipid-free form of human GLTP (PDB 1swx). The
lower panel shows the crystal structure of human GLTP complexed with
N-nervonoyl GalCer (PDB 2euk). Trp residues are turquoise, and 24:1 GalCer is
yellow. Trp-142 and Trp-96 are surface-localized and completely accessible to
the aqueous milieu. Trp-85 is near the surface, but its indole ring is sand-
wiched between Pro-86 and Lys-78. Trp-85 is located 30-32 A from Trp-142
and 14-16 A from Trp-96.

establish whether the changes in Trp emission could be used to
assess the binding affinity and uptake kinetics of various glyco-
lipids by WT-GLTP.

Glycolipid Binding to WT-GLTP Induces Dramatic Changes
in Tryptophan Fluorescence—To determine whether the emis-
sion changes reflect uptake of glycolipid or protein partitioning
to the membrane surface, WT-GLTP was presented with lim-
ited amounts of glycolipids, dissolved in ethanol, in titration-
like fashion. The strategy of using ethanol injection was based
on our previous findings showing that ethanolic solutions of
glycolipids can facilitate cocrystallization of GLTP complexed
with various glycolipid ligands (12, 13) and that GLTP is highly
adaptable in its ability to acquire glycolipids presented in vari-
ous forms (27). Fig. 2 illustrates a typical Trp emission response
upon stepwise injections of LacCer ethanolic solution. The Trp
emission A, becomes progressively blue-shifted, i.e. 347-336
nm, whereas the intensity systematically decreases. Eventually,
a saturation response is achieved as the A, reaches ~336 nm,
and the total Trp emission intensity declines by ~40%. It is
important to note that each glycolipid injection corresponds to
<10 mol % of total WT-GLTP and that the changes in Trp
fluorescence occurred rapidly (<3-5 min) for glycolipids with
short saturated or long monounsaturated acyl chains (supple-
mental Fig. S2), permitting fast equilibration. The emission
response was similar for LacCers with oleoyl (18:1), nervonoyl
(24:1), or octanoyl (8:0) acyl chains (e.g. Fig. 2A4) and resulted in
similar binding isotherms (Fig. 2C). In contrast, almost no
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changes in Trp emission were observed when POPC (Fig. 2B),
L-a-dimyristoylphosphatidylcholine, 1-myristoyl,2-palmitoyl-
sn-glycero 3-phosphocholine, or 1-myristoyl-2-stearoyl-sn-
glycero 3-phosphocholine were presented with WT-GLTP.

Formation of a WT-GLTP-glycolipid complex by GSL etha-
nol injection was verified by electrospray ionization mass spec-
trometry (ESI-MS). Fig. 3A shows spectra obtained by direct
infusion of glycolipid-free GLTP plus GLTP-GalCer complex
under nondenaturing conditions. Ions corresponding to mono-
meric, glycolipid-free rGLTP (25,248 Da) and monomeric com-
plex (rGLTP + N-octanoyl GalCer (25,836 Da)) dominate the
spectra.

To further confirm that the observed changes in the Trp
emission reflected glycolipid binding by WT-GLTP, alternate
possibilities were evaluated. Adsorption of GLTP-glycolipid
complex to the quartz cuvette walls, resulting in diminished
protein solution concentration, was ruled out because applying
a film of polyethyleneimine, which prevents protein adsorption
to silica (30), did not alter the outcome (data not shown).
Another possibility was Trp environmental polarity change
caused by nonspecific partitioning of WT-GLTP to lipid aggre-
gates/vesicles formed in solution after ethanol injection. How-
ever, adjustment of the WT-GLTP concentration from 1 uM to
either 0.5 uM or 2 uM proportionally lowered or raised the gly-
colipid amount needed to saturate the spectral emission
changes. Also, SEC analyses using Sephacryl S-300 showed that
overnight incubations of WT-GLTP, with POPC vesicles con-
taining glycolipid, resulted in vesicles eluting in the void volume
(with almost no adsorbed WT-GLTP when vesicle concentra-
tions were kept relatively low), whereas WT-GLTP (>95%)
remained soluble and eluted in the included volume (Fig. 3B).
The Trp emission signal of the soluble WT-GLTP exhibited a
blue-shifted A, ., (~335 nm), a finding consistent with compl-
exation of glycolipid.

Collectively, the experimental results indicated that the
changes in Trp emission reflected glycolipid binding by WT-
GLTP. This conclusion was further supported by experiments
involving a Trp-96 point mutant (W96F), which emits via
Trp-85 and Trp-142 while maintaining ~70% or more activity
(12). As shown in Fig. 2D and supplemental Fig. S3, W96F-
GLTP emits at a A, of ~347 nm (like glycolipid-free WT-
GLTP) but with only ~30% intensity. Stepwise ethanol micro-
injection of 18:1 or 8:0 GalCer with W96F-GLTP resulted in
only slight changes in the Trp emission response, i.e. 2—3-nm
red shift in the A, and 4-5% intensity decrease. This finding
was consistent with Trp-96 accounting for the blue shift in the
Ao and the vast majority of the Trp emission intensity
decrease observed when WT-GLTP acquires glycolipid.

Glycolipid Structural Parameters Affecting Binding by
WT-GLTP—To determine whether the changes in WT-GLTP
Trp fluorescence were glycolipid-specific, the responses elic-
ited by ceramide and sphingomyelin were investigated. As
expected, removal of the glycolipid sugar headgroup (supple-
mental Fig. S4A4) or replacement with a nonsugar headgroup
(supplemental Fig. S4B) had little effect on the intrinsic Trp
emission. Next, various glycolipid structural parameters were
evaluated. When the sugar headgroup was changed from lac-
tose to either glucose or galactose, the dramatic blue shift in the
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absence of lipid (not shown). The Trp emission scans correspond to lipid conc

0.32, 0.40, 0.48, 0.56, 0.64, 0.72, 0.80, 0.88, 0.96, 1.04, 1.12, and 1.20 um with respect to decreasing emission
intensity (see “Experimental Procedures” for details). The stepwise addition of glycolipid to free Trp produced

no reduction in emission intensity (data not shown).

Aoy @nd decrease in Trp emission intensity persisted (supple-
mental Fig. S5) and resulted in similar binding isotherms (Fig.
4A). Ethanol injection of ganglioside G,,;, which contains five
sugars including negatively charged N-acetylneuraminic acid,
also elicited a A, blue shift and decrease in Trp emission
intensity, albeit reduced in magnitude and affinity when com-
pared with glycolipids with simpler headgroups (Fig. 44). In
contrast, removal of the amide-linked acyl chain of GlcCer or
LacCer elicited very modest changes, i.e. 3—6-nm A, blue
shifts and 15-25% Trp intensity decreases, but only when
added in high amounts (supplemental Fig. S4, C and D). Fig. 4B
shows that very weak binding occurred with hexyl-B-p-gluco-
side, which also can occupy the GLTP binding site (13).
Binding Affinity of WT-GLTP for Different Glycolipids—Ta-
ble 1 shows the binding constants for the spectral responses
produced by titration of WT-GLTP with various glycolipids. K,
values between ~0.6 and 2.1 uM were determined for glycolip-
ids with one or two sugars that contained either short saturated
acyl chains or long acyl chains with mono- or diunsaturation.
Slow equilibration was observed when these simple glycolipids
contained long saturated acyl chains (>16 carbons), thus inter-
fering with accurate assessment of K, values. With the multig-
lycosylated and more soluble ganglioside G,;, fast equilibra-
tion was observed despite the predominance of stearoyl acyl
chains (supplemental Fig. S2). The K, for G,; was ~1.7 um.
The very modest spectral changes elicited by high amounts of
lyso-GlcCer and lyso-LacCer translated into K, values of ~80
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FIGURE 2. Changes in Trp emission of WT-GLTP and W96F-GLTP induced by incubation with glycolipid.

360 380 400 420

the dramatic blue shift in the A,
i.e. ~347-336 nm, and substantially
decreased (~40%) emission inten-
sity, eventually attaining saturation.
In contrast, when the POPC extru-
sion vesicles lacked glycolipid (Fig.
5B), the Trp emission intensity
remained nearly invariant and
underwent only a slight red shift
(2-3 nm). The WT-GLTP uptake kinetics for glycolipid from
the POPC vesicles were similar to glycolipid presented by eth-
anol microinjection, reaching equilibrium after <3 min (sup-
plemental Fig. S2).

It is noteworthy that extrusion vesicles were used in the pre-
ceding experiments. Different results have been reported with
probe-sonicated vesicles (SUVs) by West et al. (23), who
observed significant Trp emission intensity decreases and a
moderately blue-shifted A, (3—5 nm) upon stepwise addi-
tions of glycolipid-free POPC SUVs to WT-GLTP. Because
their results indicated that GLTP partitioning to vesicles might
substantially contribute to the Trp emission changes, we revis-
ited the issue. We confirmed that stepwise additions of glyco-
lipid-free POPC SUVs (~25-nm diameter) significantly
decreased the Trp emission intensity of WT-GLTP (Fig. 5D).
However, we found little or no reduction in Trp emission inten-
sity if the glycolipid-free POPC vesicles were produced by
extrusion and were large enough to be free of curvature stress
(Fig. 5B).

The K, values for GalCers in POPC extrusion vesicles were
slightly larger than K, values for ethanol-injected GalCers
(Table 1). For LacCers in POPC extrusion vesicles, the reliabil-
ity of the K, values was decreased due to a somewhat anoma-
lous spectral response (supplemental Fig. S6). The Trp emis-
sion response showed the expected initial changes, i.e. blue shift
in the A, and decrease in emission intensity. However, at
vesicle concentrations >3-4 um, the blue shift began to

TP + various LacCer species. @,
esponse of W96F-GLTP. D, 18:1

entrations of 0, 0.08, 0.16, 0.24,
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FIGURE 3. Formation of GLTP-glycolipid complex. A, ESI-MS analysis of the GLTP-glycolipid complex. Three
main charge states are observed from the direct infusion of the GLTP-N-octanoyl GalCer complex (2:1 molar ratio)
under nondenaturing conditions. The transformed spectra (see inset) results in molecular masses of 25,248 Da for
the GLTP and 25,836 Da for the GLTP-N-octanoyl GalCer complex. The N-terminal Hisg tag accounted for the molec-
ular mass being 5% higher than human WT-GLTP (23,850 Da). B, SEC analysis of GLTP after interaction with vesicles
containing GalCer. Elution of [“CJPOPC vesicles (A) containing 20 mol % [*H]GalCer (M) from Sephacryl S-300 (1.5 X
30 cm) after incubation at room temperature for 3 h with WT-GLTP (@) is shown.

scattering contributions to the Trp
emission response (31). The phe-
nomenon was especially evident for
extrusion vesicles containing glyco-
lipids with uncharged sugar head-
groups that could extend beyond
the membrane surface delineated by
the phosphatidylcholine headgroup
and promote stable trans-vesicle
contacts (32, 33).

Does Glycolipid Binding Promote
WT-GLTP Self-Association?—The
Trp emission changes observed
during WT-GLTP acquisition of
glycolipid seemed to approach
apparent saturation at lipid-to-pro-
tein molar ratios below the 1:1 stoi-
chiometry anticipated for the single
glycolipid binding site in GLTP.
Similar outcomes were observed
using various glycolipids and differ-
ent WT-GLTP starting concentra-
tions, i.e. 0.5 or 2 uM instead of 1.0
uM (~25 pg/ml). The findings
raised the issue of whether glyco-
lipid acquisition by WT-GLTP
could promote protein self-interac-
tion in ways that limit access to Trp-
96. The SHARP2 algorithm was
used to locate such surface residue
patches on WT-GLTP (28, 29). The
six parameter analysis (S, solvation
potential; H, hydrophobicity; A,
accessible surface area; R, residue
interface propensity; P, protrusion;
and P, planarity) identified surface
patches near Trp-96 as potential
self-interaction sites in WT-GLTP.
Binding of glycolipid was found to
slightly enhance the interaction
potential of patches located near
Trp-96. However, nondenaturing
gel electrophoresis performed on
WT-GLTP, before and after titra-
tion with N-octanoyl GalCer,
showed bands migrating only as
monomers with no evidence of pro-
tein oligomerization (data not
shown) under conditions similar to
the fluorescence experiments.

When evaluated by ESI-MS
under nondenaturing conditions
(Fig. 3A), the protein-ipid com-
plexes were found to be almost
exclusively monomeric (99%). Ions

reverse, whereas the emission intensity increased slightly, con-  corresponding to glycolipid-free, monomeric rGLTP (25,248
sistent with “blue wing” emission attenuation known to occur  Da) and to monomeric complex (rGLTP + N-octanoyl GalCer
when vesicle concentrations are high enough to induce light- (25,836 Da)) dominated the spectra, whereas no clear evidence
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gomer be detected. Thus, we con-
cluded that glycolipid-induced for-
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FIGURE 4. Binding isotherms for WT-GLTP and various glycolipids. A, GalCer or GlcCer with different acyl
chains. O, 18:2 GalCer; B, 8:0 GalCer; [], 18:1 GalCer; A, 12:0 GalCer; A, 24:1 GalCer; @, 8:0 GlcCer. B, ganglioside
Gp; and monochain glycolipids. ¥, Gy,,; ll, LacSph; @, GlcSph; A, hexyl glucoside. Experimental conditions and
binding isotherm calculations were the same as described in the legend for Fig. 2.

TABLE 1
Kp values of WT-GLTP for various glycolipids

Dissociation constants were determined by nonlinear fitting analyses of glycolipid-
induced changes in GLTP Trp emission intensity as detailed in the supplemental
information. Values were calculated at fixed wavelength (353 nm) in the emission
peak (50). Extrusion vesicles contained 10 mol % glycolipid. Glycolipid pool size in
the POPC vesicle outer leaflet and available for interaction with GLTP was esti-
mated from previously determined transbilayer distributions (51-53).

K, R?
M
GalCer
8:0 GalCer 0.60 +0.13 0.962
12:0 GalCer 1.60 = 0.30 0.987
18:0 GalCer” 4.20 £ 0.39 0.979
18:1 GalCer 141 £ 0.35 0.975
18:2 GalCer 0.52 * 0.06 0.985
24:0 GalCer” 9.30 + 1.52 0.980
24:1 GalCer 1.29 £ 0.16 0.993
LacCer
8:0 LacCer 0.90 = 0.18 0.976
12:0 LacCer 1.23 £ 0.27 0.978
16:0 LacCer” 4.56 * 0.33 0.988
18:0 LacCer” 6.39 = 0.27 0.996
18:1 LacCer 1.16 = 0.11 0.996
24:0 LacCer” 15.88 = 0.78 0.995
24:1 LacCer 2.06 + 0.29 0.992
Other glycolipids
8:0 GlcCer 0.93 £0.19 0.980
12:0 GlcCer 1.31 £0.19 0.982
18:1 GlcCer 141 =031 0.993
GM1 1.69 £ 0.30 0.988
Monochain glycolipids
GlcSph 79.46 * 10.58 0.997
LacSph 62.46 * 13.12 0.993
Hexyl glucoside 158.80 = 21.59 0.992
Extrusion vesicles
8:0 GalCer 6.47 + 2.59 0.993
18:1 GalCer 3.98 + 1.43 0.986
18:2 GalCer 1.99 = 0.65 0.976
8:0 LacCer 1.90 * 0.42 0.983
18:1 LacCer 3.45 + 1.06 0.990

“ Slow equilibration (supplemental Fig. S2) for lipids containing long saturated acyl
chains (e.g. 18:0, 24:0, and 16:0) increased uncertainty of these values.

of dimer was observed. By fast protein liquid chromatography
SEC (Superdex 75 HR 10/30), there was also no evidence of
WT-GLTP eluting as dimers or oligomers after binding with
24:1 GalCer or 8:0 LacCer by FPLC SEC (supplemental Fig. S7)
at 10-20-fold higher protein concentrations than in the fluo-
rescence experiments. Only at GLTP concentrations ~500-
fold higher than in the fluorescence experiments could minor
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Lipid concentration (uM)

GLTP is primarily responsible for
the dramatic changes in intrinsic
Trp fluorescence that occur when
the protein encounters membranes
containing glycolipids. The glyco-
lipid-induced GLTP “signature
response” includes a 40% decrease in emission intensity and a
~12-nm blue shift in the emission in the A,,,,,. Deciphering the
molecular basis for the glycolipid-induced changes in intrinsic
Trp emission of GLTP has enabled comparison of the binding
affinities of glycolipids containing various structural alter-
ations, whereas avoiding potential artifacts associated with
labeling using extraneous fluorophores. Although the ability of
GLTP to selectively transfer different glycolipids between
membrane vesicles was recognized many years ago (9), the
uniqueness of the GLTP fold among lipid binding/transfer pro-
teins has only recently been revealed by high resolution x-ray
diffraction studies (12—14). Remarkably, the GLTP-glycolipid
complex does not show global conformational changes when
compared with glycolipid-free GLTP, but only localized and
limited expansion of a hydrophobic pocket that encapsulates
the nonpolar lipid region in concert with sugar headgroup
anchoring to an invariant, surface-localized, sugar-amide
recognition region. These findings helped elucidate the
workings of GLTP (9, 13, 17, 34). Still, many important
aspects have remained uncharacterized including the phys-
icochemical parameters of glycolipids that regulate their
uptake and binding affinity by GLTP. To achieve such
insights, different modes of presentation of poorly soluble
GSLs, i.e. dispersed in fluid PC vesicles or as pure GSL aggre-
gates via ethanol microinjection, were adopted because of
the benefits for use with low solubility substrates/ligands
that often deviate from classical enzymatic and binding
behavior (e.g. Ref. 35).

The data indicate that GLTP binds glycolipids with dissoci-
ation constants in the low-to-submicromolar range in aqueous
solution. The moderate strength of the binding is consistent
with the ability of the protein to transfer glycolipid to mem-
branes or other proteins and could favor the “sphingosine-out”
conformation for glycolipid (with respect to localization in or
out of the GLTP hydrophobic pocket/tunnel) as being the pre-
dominant complexation mode in aqueous solution. Previously,
both sphingosine-out and “sphingosine-in” glycolipid confor-
mations were observed in GLTP-glycolipid crystal complexes
(12-14). Among the glycolipids, the lowest K, values are
observed for GalCers and LacCers with flexible acyl chains that
can probably aid rapid encapsulation by the hydrophobic
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FIGURE 5. Changes in Trp emission of WT-GLTP by incubation with curvature stress-free and curvature-
stressed bilayer vesicles. A, 10 mol % 18:1 GalCer in POPC vesicles (curvature stress-free by extrusion). B, POPC
vesicles (curvature stress-free by extrusion). C, binding isotherms for WT-GLTP + POPC extrusion vesicles
containing GalCer or LacCer. D, POPC vesicles (curvature-stressed by probe sonication, i.e. SUVs).In Aand B, the
Trp emission scans correspond to extrusion vesicle POPC concentrations of 0, 1.6, 2.4, 3.2,4.8,6.4,8,9.6,11.2,
12.8, 14.4, and 16 um with respect to decreasing emission intensity. Glycolipid pool size in the POPC vesicle
outer leaflet and available for interaction with GLTP was estimated from previously reported transbilayer
distributions (51-53). In D, the resulting Trp emission scans correspond to probe-sonicated vesicle POPC con-
centrations of 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 22, and 24 um with respect to decreasing emission intensity.
Experimental conditions and binding isotherm calculations were the same as described in the legend for Fig. 2.
No reduction in emission intensity was observed when free Trp was incubated with either probe-sonicated or

extruded POPC vesicles produced.

pocket of GLTP. These two glycolipids are tethered primarily
through the initial ceramide-linked sugar to the GLTP sugar
headgroup recognition site via an identical number of multiple
hydrogen bonds (12, 13). GlcCer species showed similar K,
values despite having one less hydrogen bond involved in teth-
ering the sugar to the GLTP surface (13). K, values for gangli-
oside G,,; were 2—3-fold higher than those of various mono-
and diglycosylated species, consistent with increased G,
solubility provided by the pentaglycosylated headgroup includ-
ing negatively charged N-acetylneuraminic acid. The key role
played by the glycolipid amide-linked acyl chain during binding
was evident by the much weaker affinities of GlcSph and Lac-
Sph when compared with the various acylated species, i.e.
30 —40-fold higher K, values.

Differing Trp Emission Response of WT-GLTP with LUVs and
SUVs—Unexpectedly, partitioning of GLTP from the aqueous
milieu to membrane vesicles free of curvature stress induced
little change in Trp emission. It had been suggested previously
that protein partitioning to the membrane is a major contribu-
tor to the alterations in Trp emission of GLTP based on exper-
iments with relatively high concentrations (0—500 um) of cur-
vature-stressed bilayer vesicles, i.e. POPC SUVs (23). This
finding seemed reasonable given the known behavior of other
monotopic and amphitropic peripheral proteins and the estab-
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the glyceride backbone of the outer
surface phospholipids (36), possibly
enhancing their quenching poten-
tial for Trp. It is noteworthy that
examples of decreases in Trp emis-
sion intensity have been reported
for other proteins interacting with
high curvature SUVs produced by
probe sonication (37-39).

When the glycolipid-free POPC
vesicles lack curvature stress, the
Trp emission intensity of GLTP
remains nearly unchanged, whereas displaying a slightly red-
shifted A,,,,.. The minimal fluorescence changes are consistent
with tighter lipid interfacial packing in planar membranes and
diminished partitioning of GLTP to LUVs when compared with
SUVs (17, 40). Even so, the POPC LUV effectiveness for glyco-
lipid presentation to GLTP is restricted to monoglycosylated
lipids with sugar headgroups not prone to promote trans-mem-
brane contacts/aggregation. Fortunately, microinjection of eth-
anol-solubilized glycolipids in small, limited amounts with
GLTP elicits changes in Trp emission with various glycolipids
but not phosphatidylcholine or other non glycolipids. Isolation
of the GLTP-glycolipid complex by FPLC SEC reveals that the
soluble GLTP-glycolipid complex has a blue-shifted A, (~335
nm) consistent with the changes in GLTP Trp emission reflect-
ing glycolipid binding and formation of a GLTP-glycolipid
complex.

Trp-96 Is Chiefly Responsible for Glycolipid-induced Emis-
sion Changes of GLTP—Among the 3 Trp residues of GLTP,
Trp-96 dominates the emission changes observed during gly-
colipid binding. A W96F-GLTP mutant capable of transferring
glycolipid between vesicles shows almost no changes in Trp
emission signal when incubated with ethanol-injected glyco-
lipid. Moreover, with WT-GLTP, where glycolipid binding of
various glycolipids induces little change in global architecture
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FIGURE 6. Tryptophan 96 and neighboring residues in the GLTP-N-oleoyl LacCer complex. Depictions are
based on the crystal coordinates of human GLTP liganded with 18:1 LacCer (PDB 1sx6). Interaction distances
between the Trp-96 indole ring and the ceramide-linked sugar of the glycolipid headgroup are indicated by
lime green dashed lines. Side chains of residues that stabilize Trp-96 position in GLTP and interactions of Asp-48,
Asn-52, Lys-55, and His-140 with the glycolipid polar headgroup region are indicated by turquoise dashed lines.

Numerical values indicate distances in angstroms.

(12-14), local conformational mobility, indicated by B-factor
analysis, is restricted in the vicinity of the sugar headgroup rec-
ognition center containing Trp-96, which resides near the bot-
tom of a shallow, exposed depression on the GLTP surface (12).
Nearby residues (e.g. Arg-99, Met-95, His-140, Tyr-207) that
could potentially quench Trp-96 emission signal remain unal-
tered by glycolipid binding with respect to their distance and
orientation to Trp-96 (Fig. 6). Stacking of the ceramide-linked
sugar of the glycolipid above Trp-96 positions the ceramide
amide nitrogen within ~3.7 A of the Trp-96 benzene ring, the
glycosidic oxygen linking ceramide to the sugar within ~4.1 A
of the Trp-96 heterocyclic junction and the sugar ring itself
within ~3.7-4.3 A of the nitrogen-containing pyrrole ring of
Trp-96 (Fig. 6). The coplanar stacking of the b-face of the cer-
amide-linked sugar-amide entity close to Trp-96 is expected to
affect the local polarity associated with the  electrons of the
indole aromatic ring. An inductive effect of the O and OH
groups of sugars on the C-H-bond hydrogen atoms would
render them more positively charged and potentially promote
interaction with the electron-rich aromatic ring (41). The close
proximity of the amide nitrogen of the glycolipid ceramide
could exacerbate the effect, possibly accounting for the simul-
taneous large magnitude quenching and blue-shifting of the
Trp emission signal, which reflects the environmental polarity
change brought to Trp-96 by the juxtapositioning of glycolipid.
Indeed, stacking interactions between free sugar ligands and
Trps of sugar binding and transport proteins reportedly alter
Trp fluorescence responses, albeit those responses are vastly
reduced in magnitude (42—48).

Significance—The significance of the present findings with
human WT-GLTP lies in the increased understanding of the
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molecular workings of the GLTP
fold. Although other lipid binding/
transfer proteins use conforma-
tional folds dominated by a B-sheet,
i.e. [B-grooves/concave cups and
B-barrels, or helical bundles stabi-
lized by multiple disulfide bridges,
i.e. saposin folds (9, 12-14), GLTP
relies on a two-layer fold, domi-
nated by a-helices, with an expand-
able lipid binding pocket. The
GLTP fold employs a membrane-
interaction domain that differs from
the C1, C2, PH, PX, and FYVE
domains found in many monotopic
and amphitropic proteins (17-21),
endows other larger proteins, such
as FAPP2, with key functionality
(49, 50), and delineates the new
GLTP superfamily, with orthologs
occurring widely in eukaryotes
(9-11, 15, 16). Among the mostly
highly conserved residues in the
active GLTP binding pocket is Trp,
located at positions equivalent to
Trp-96 of human GLTP. Whether
the changes in Trp emission
induced by glycolipid binding extend to more distant members
of the GLTP superfamily is presently unknown but will be of
interest to explore in future investigations.
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