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ABSTRACT: Glycolipid transfer protein (GLTP) catalyzes the intermembrane transfer of lipids that have
sugargs-linked to either diacylglycerol or ceramide backbones, including simple glycosphingolipids (GSLS)
and gangliosides. The present study providggantitatve understanding of GLTP action involving bilayer
vesicles that have high and low curvature stress, i.e., small and large unilamellar vesicles (SUVs and
LUVs). When the GSL intervesicular transfer was monitored in real time using an established fluorescence
resonance energy approach, the initial GSL transfer raig@sa(d net transfer equilibriumKey) were
determined for GLTP-mediated transfer from SUVs and LUVs over the temperature range 44 30.

vo exhibited a linear dependence with respect to varying GLTP concentratieris#80nM range) in

SUVs and LUVs, suggesting a first order dependence on the GLTP bulk concentration. Thermodynamic
parameters associated with the GITBSL transition-state complex and GSL net transfer were determined
from linear Arrhenius and van’t Hoff plots, respectively. Although initial transfer rates Vesver for

LUVs than for SUVs, the activation energy barriers weigherfor LUVs, while the Gibbs’s free energy

of the transition states were similar. The formation of a transition-state complex was predonensmlpy

driven, whereas the net transfer of GSLs was maemiyropydriven. The rate-limiting step for GLTP
action appeared to be the surface processes leading to the-GEFP complex formation and release
associated with a shuttle/carrier mode of action. Because surface processes leading to th&GLTP
complex formation were limiting for GLTP action with SUVs and LUVs, it was concluded that GLTP is
likely to be a valuable tool to probe and manipulate GSL environments in membranes.

Glycosphingolipids (GSL3Y are sugar-containing sphin-  signaling, cell recognition, and toxin bindind, (2). These
golipid molecules that participate in various cell-surface- lipids show a great degree of transbilayer asymmedjy (
related processes, such as cell differentiation, transmembranen essential attribute that enhances exposure of their sugar
headgroups at the cell surface. The lateral organization of
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protein; POPC, 1-palmitoyl-2-oleoghglycero-3-phosphocholine; DPPA, pOtem'al to affect thesg and Pther Important GSL-mediated
1,2-dipalmitoylsnglycero-3-phosphate; PITP, phosphatidylinositol processes need to be investigated and better understood.
transfer protein; GalCer, galactosylceramide; AV-GalQe{(11E)- Selective enhancement of GSL intermembrane transfer b
12-(9-anthry)-11-dodecenoyl]-O-f-galactosylsphingosine: PErPC, o) \hio b oteins was first discovered in the membrane-freg
rac-1,2-di-oleoyl-3-[9-(3-perylenoyl)nonanoysr-glycero-3-phospho- _p ' AL
choline; RET, fluorescence resonance energy transfer; SUV, small cytosolic extract of bovine splees, (6). Glycolipid transfer
unilamellar vesicle; LUV, large unilamellar vesicle. proteins (GLTPs) that exhibiin vitro transfer of GSLs

2Kinetic and thermodynamic parameterss, the initial transfer ; ; ;
velocity: k.s, desorption constant of the GLFRSL complex:k 1, have since been isolated from a variety of sources such as

desorption constant of GLTP from the dondks;, adsorption constant  SPinach choloroplasts and mammalian brain, liver, and kid-
of GLTP to the donorKy, two-dimensional MichalisMenten-type ney (/—10). Purification of the spleen and brain GLTPs
constant for the GLTPGSL complexAH?, enthalpy of transition state; has revealed monomers with molecular weights of 22

AG¥, Gibbs free energy of the transition stat®Sf, entropy of the [Ty inide ;
transition stateAHeq enthalpy of overall transferAGeq, Gibbs free kDa and an absolute specificity for glycolipids in which the

energy of overall transferAS,, entropy of overall transferKeg initial sugar residue i§-linked to the hydrophobic backbone
equilibrium constant for overall transfer. (11—-14). Although GLTP behavior has been investigated
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in zitro, many aspects of the structutrfinction relationships
of GLTP as well as its mechanism of action are not well-

Rao et al.

19). Stock concentrations of phospholipids were quantitated
using the method of BartletR(), of galactosylceramide, by

understood. Understanding the basic mechanism involved ingravimetric analyses, and of fluorescent lipids, using their

GLTP-mediated intermembrane transfer is important not only
for obtaining clues into itdn vivo function but also for
effectively using GLTP as a tool to manipulate and probe
GSL raft composition in biomembranes.

The transfer mechanism of GLTP remains enigmatic for
two reasons. First, previous studies with porcine GLTP
revealed surprisingly low proteirglycolipid binding ratios
(~8:1) in soluble GLTP-glycolipid complexes11), raising
uncertainty as to whether GLTP functions in a “lipid carrier/
shuttle” mode. Also, earlier studies with bovine GLTP were
performed with partially purified protein preparations, com-
plicating accurate assessment of GlAgtycolipid com-
plexation ratios 7, 15). Second, kinetic analyses of GLTP

extinction coefficients 14, 17).

GLTP. Recombinant human GLTP was generated using
molecular cloning, heterologous expression, and purifica-
tion approaches described previousi®1{23). Protein
purity and concentration were determined by SIPFAGE
(22) and using bicinchoninic acid2§), respectively. The
open-reading frame of human fibroblast mRNAncodes
GLTP that is 98% homologous to the identical bovine and
porcine GLTPs and has four conservative differences in
amino acid composition (R <> R0, A% <> T65 180 «>\/180
and @% < R200),

Preparation of Donor Vesicle®onor vesicles consisting
of POPC and the fluorescent probes AV-GalCer and Per-

action to date have been based on simple first-order ratePC, with or without the charged lipids, were prepared by

equations that are insufficient for dissecting the physico-
chemical steps involved in the transfer process, (L7).

the rapid ethanol injection techniqueX 26) and by
extrusion approaches to obtain SUVs and LUVs, respectively.

Although such analyses have helped to provide generalizedVhen using ethanol injection, POPC was mixed with 1 mol

insights into GLTP-liposome interactions, a more compre-

hensive kinetic treatise that includes analysis of thermody-
namic relationships associated with the GLTP-mediated
intervesicular transfer process is needed to quantitatively

% AV-GalCer and 1 mol % Per-PC from stock solutions,
dried under nitrogen and under vacuum for 1 h, and
redissolved immediately before use in absolute ethanol. The
mixture (5uL, 40 nmol) was rapidly injected with a 25k

assess the effects of membrane structure and compositiodiamilton syringe into a 10 mM sodium phosphate buffer

on GLTP action. Many previous studies iof vitro GLTP
function also have involved small unilamellar vesicles
(SUVs) (16, 17). A special feature of SUV systems is the

(pH 7.4, containing 1 mM dithiothreitol, 1 mM EDTA, and
0.02% sodium azide) under rapid stirring at°®7. The final
concentration of the donor vesicles in the assay wasM 3

associated membrane curvature stress, a feature that Caﬁ.nd the ethanol concentration was less than 0.2%. The final

influence proteir-membrane interactions. Sensitivity of a
protein to membrane curvature might also have implications
for its cellular functionality.

The goals of this study were (1) to develop a comprehen-
sive model of the basic mechanism involved in GLTP action
and (2) to quantitatively assess the capacity of GLTP for
interacting with large unilamellar vesicles (LUVs) compared
with curvature-stressed vesicles, i.e., SUVs. These goals wer
achieved using real-time fluorescence resonance energ
transfer measurements of glycolipid intervesicular transfer.
Compared to earlier modeling studies of lipid transfer
proteins, a novel consideration of our treatise was the

emphasis on the mechanistic details associated with the

transfer of a minority glycolipid from a membrane comprised
mostly of “nonsubstrate” phosphatidylcholine. Included in
such considerations is the potential role of lateral diffusion
of glycolipid and GLTP bound to the membrane in formation
of the GLTP-GSL transition-state complex. Also, the
thermodynamic parameters associated with the protein-

mediated transfer process were analyzed using both SUVs

and LUVs leading to the conclusion that GLTP is a
potentially useful tool for probing GSL environments in
membranes.

EXPERIMENTAL PROCEDURES

Lipids. 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC)
and porcine brain galactosylceramide (GalCer) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). The
fluorescent probes\-[(11E)-12-(9-anthryl)-11-dodecenoyl]-
1-O-f-galactosylsphingosine [AV-GalCer] amdc-1,2-dio-
leoyl-3-[9-(3-perylenoyl)-nonanoylnglycero-3-phospho-
choline [Per-PC] were prepared as described earli8f (

concentration of AV-GalCer in each assay was QuM\3.

Previous studies have shown that galactocerebrosides are

accommodated up to about 23 mol % within PC vesicles

without affecting vesicle stability27). In our case, 1 mol

% of AV-GalCer was generally used in the donor vesicles.
Donor LUV vesicles of appropriate composition were

prepared by extrusion through 100-nm size polycarbonate

énembranes. The appropriate amounts of lipids from the stock

olutions were thoroughly mixed and dried first under
nitrogen and second under vacuum for 1 h. The dried lipid
mixture was then hydrated in the appropriate buffer. Then,
the dispersion was subjected to 15 freetteaw cycles to
obtain a uniform distribution of buffer solutes across the
bilayers. Rapid freezing was achieved by immersing the lipid
suspension in an 2-propanol bath cooled by dry ice. During
each thawing cycle, the lipid dispersion was raised above
70°C and vortexed prior to subsequent refreezing. Each cycle
of freezing, thawing, and vortexing took 3 min, and the 15
total cycles took approximately 45 min. The lipid suspension
was then extruded by 21 passes through a 100-nm size
polycarbonate membrane using a hand held miniextruder
(Avanti). The resulting vesicles had a narrow size distribution
(28, 29) and mean diameter of 100 nm as measured by gel-
exclusion chromatography using a calibrated Sephacryl
S-1000 column 30, 31).

3 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, NP_786993 for bovine GLTP; AAF33208
and P17403 for porcine GLTP; and AAF33209 and Q9JL62 for mouse
GLTP).
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were prepared by sonication using a modification of the vo A ) OIZLCHB
established procedure of Huang and Thomp8@h Briefly, "~
a lipid film was obtained by slowly evaporating the ap- o }O o

Preparation of Acceptor Vesicle$he acceptor vesicles ﬁw oy
OH
o

H

propriate mixture in solvents at 3C on a rotary evaporator, wof ™
followed by freeze drying in a vacuum for 6 h. The dried /)
lipid film was suspended by vortexing in a sodium phosphate
buffer (pH 7.4) to a concentration of 50 mM. The suspension
was sonicated with a Heat Systenlidltrasonics W-225
sonifier on ice, under nitrogen, and was then centrifuged for O@
90 min at 100009 to remove titanium probe particles, Y ‘
multilamellar vesicles, and undispersed lipid. Analysis of the OO@ @@
resulting SUV populations by gel-exclusion chromatography
confirmed average diameters of about 25 nm, consistent with oy
previously published value8Q, 31).

Activity of GLTP.Two established assays involving either Iﬁ‘(‘) AVex AVem Perex  Perem B
fluorescent or radiolabeled GalCer were used to assess GLTP \
activity. The fluorescence-based resonance energy transfer \
(RET) assay involved anthrylvinyl labeled glycolipid
(AV-GalCer) (1 mol %) and a nontransferable perylenoyl-
labeled phosphatidylcholine (Per-PC) (1 mol %), permitting
continuous real-time monitoring of GLTP activity. The
established nature of the RET assay is well-documeritgd (
17, 22, 33). Briefly, the emission wavelengths of anthrylvinyl
overlap with the excitation wavelengths of perylenoyl.
Exciting the AV-GalCer at 370 nm resulted in the RET
to the perylenoyl residue of phosphatidylcholine. Because ey s
of the close proximity of AV-GalCer and Per-PC in the Wavelength, nm
donor vesicles, effective RET results in quenching of the
AV-GalCer emission but not of the Per-PC emission. ]
However, selective removal of AV-GalCer from the donors 5] C Maximum Transfer = AF
in the presence of GLTP and excess acceptors results in a 164 T
decreased RET, and as a result, AV-GalCer emission is 1
observed at 425 nm. The progression of transfer was followed
by measuring the change in fluorescence emission at 425

05

425
~
1

s

TR
=N

425,
bl
S
1
~.

nm relative to the baseline fluorescence in the absence of §L'L 104 /)
GLTP. The initial velocityv, and the maximum transfer LITL 08 )
AFnax Were calculated by fitting the relative change of L ; ’
fluorescence using the following equation: ok
949/ nitial Slope = v
F23(0) — F2° () e
425 :AF(I)ZAme&l_e AFmax ) oo — T T T
bl 0 1000 2000 3000 4000 5000 6000

time (sec)
. . 425 . . .

In this equationf,;~ and F42° are the emission intensity at  Fgure 1: General structures and excitation/emission properties
425 nm (excitation at 370 nm) before and after the addition of fluorescent lipids and typical response observed during glycolipid
of GLTP, respectively (Figure 1). Nonlinear regression of intervesicular transfer. (A) Chemical structure of galactosylceramide
the experimental data was performed using the ORIGIN 7.0 ‘éV'th arl‘ atta<|:hed an(thr;;\l;/)m(yBl)glrEou% (l!?ﬁ) a“g PC with an att?chfed

L -perylenoyl group (right). xcitation and emission spectra for
softyvqre (ergln L'at.:), Northhampton, MA), andothe sta}ndard anthrylvinyl and perylenoyl groups. (C) Typical kinetic response
deviations in the fitting were calculated at a 95% confidence for the transfer of AV-GalCer mediated by GLTP. Estimates for
interval. R?> values for all of the estimates were0.96. the initial slope yo, and the maximum transfeAF ., are obtained
Fluorescence emission of donor vesicles (POPC/AV-GalCer/by a nonlinear regression of the experimental curve as explained
Per-PC; mol % 98:1:1), excited at 370 nm, did not vary Inthe Experimental Procedures. Standard deviations were calculated

o . ) 8 i i 2 i
significantly as a function of the temperature or as a function 2.2 95% confidence intervak® values for all of the regressions

: - o . were >0.96.
of the size of vesicles (data not shown). Initial velocity
and maximum AV-GalCer transferredFmnax thus ob- of transfer. All fluorescence measurements were performed
tained were in relative fluorescence units.and AFnax for using a SPEX Fluoromax instrument (Instruments S. A, Inc.

AV-GalCer transfer at increasing GLTP concentrations were Edina, NJ) equipped with a temperature programmable
measured for SUV and LUV donors, with acceptors always circulating water bath (Neslab RTE-111, Portsmouth, NH).
being SUVs and present at 10- and 40-fold molar excess for The excitation and emission band passes were 5 nm, and
SUV and LUV donors, respectively. Changing the acceptor the cuvette holder was temperature-controlled-@1 °C at
donor ratio in a range of 40:10 had no effect on the kinetics over the range of 3644 °C.
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In the radiolabeled GalCer assay, donor vesicles are con- 9.0x10™
structed so that they contain a negatively charged phospho- ]
lipid and can be separated from neutral acceptor vesicles by
ion exchange chromatographi4( 16, 22). Sonicated POPC 7.0x10" 1
donor vesicles contained 1 mol % [3H]-GalCer, 10 mol % 6.0x10™ 4
dipalmitoylphosphatidic acid, and a trace amount of non-

A

8.0x10™°

5.0x10™

transferable [14Cltripalmitate. Acceptor vesicles were soni- g ]
cated with POPC SUVs. Each assay time point contained é 4.0x10"
13uM total lipid of donors, 40Q:M total lipid of acceptors, > o010 ]
and transfer protein in a total volume of 3.0 mL of a sodium :
phosphate buffer pH 7.4. At desired time intervals, acceptor 201101
vesicles were separated from donor vesicles by rapid elution 1.0x107 -

over DEAE Sephacel minicolumns (1.8 mL). Control experi-
ments indicated typical acceptor recoveries between 70 and
80%.

09- B

RESULTS AND DISCUSSION 08+

Kinetics of Intepesicular AV-GalCer Transfeilhe initial 07
rate of AV-GalCer transfery, as a function of the GLTP 06
bulk concentration at 37C and in the presence of 10-fold LI, _+
excess of acceptor vesicles is shown in Figures 2A. It is 5 1 ,,} —————————
evident that the initial velocities of glycolipid transfer from 04 A ]
both SUVs and LUVs increase linearly over the GLTP 03 i
concentration range of-0141 nM. However, the initial 02- ‘
transfer rates are strongly affected by membrane curvature o1d/,’
and are significantly higher for SUV donors. The slopes of 1®
the linear fits of the data in Figure 2A reveal that GLTP oM o 0x10° 4.0X10° 6.0x10° 8.0K10° 1.0x10” 120107 1.4x10”

initial transfer rates are more than 5 times greater for SUVs GLTP (M)
than for LUVs. A direct outcome of these results is that the
mechanism of GLTP action in the presence of an excess ofFIGURE 2: (A) Molar initial velocity of transfer,u,, as a function

acceptor vesicles is first order with respect to the GLTP Of the GLTP bulk concentration for SU\M) and LUV (@) donor

. . vesicles. The solid=) and dashed (- - -) lines represent the linear
concentration. In Figure 2B, the amount of AV-GalCer it for SUVs (slope= 4.9+ 0.2 x 10-3 sec’L, R = 0.99 at 95%

transferred is expressed as the fraction of total accessiblec|) and LUVs (slope= 9.2+ 0.5 x 104 sec’, R2 = 0.97 at 95%

glycolipid (AFma/AF ey in SUV (@) and LUV (@) donors Cl), respectively. The error bars represent the standard deviation

and is plotted as a function of the GLTP bulk concentration. Of three experiments performed at 3C in 3 mL of PBS at pH

AF corresponds to the total amount of AV-GalCer 7.4. (B) Maximum transfer of AV-GalCer, expressed as a fraction
max

. max of the total accessible poohF ./ AF o in SUV (@) and LUV
transferred under the conditions of the assal,,,, repre- (®) donors, as a function of the GLTP bulk concentration. The

sents the total amount of glycolipid present in both the total pool was calculated by assuming that for LUVs, AV-GalCer
outer and inner leaflets of the donor vesicles. For both SUVs distributes equally between the inner and the outer leaflets of the
and LUVs, the AFma)/AFmax values increase in single- bilayer. The solid ) and dashed (- - -) lines represent the single-

ax . . 00 max __ 00 _
exponential fashion, although the initial increase is greater &XPonential fit for SUVS &Fa/AF g, = 0.36 £ 0.02, AFya =
2.14 0.1,R2 = 0.99 at 95% Cl) and LUVSAFZ, /AFT = 0.50

max
for SUVS than LUVS. Even so, thAFma/Afn,, values for - 0.02,AFy., = 2.9+ 0.1, R = 0.99 at 95% Cl), respectively.

ax

SUVs atta_ln lower values and level off at Iower G!‘TP The error bars represent the standard deviation of three experiments
concentrations than those of LUVs (more explanation in the performed at 37C in 3 mL of PBS at pH 7.4.

text below). It is reasonable to propose that each value of

AFmal AFpaxin Figure 2B represents amuilibriumstate at  accessible GSL pool in the donors by GLTP during transfer
that particular concentration of GLTP. Then, it follows that to the excess acceptors because GLTP does not traverse the
AFma/ AR reflects thenet steady-state transfer of GSL, membrane and can only access GSLs in the outer surface of
i.e., the GSL equilibrium distribution existing among the the donor vesicles16, 35-37). Thus, AF,,, reflects the
acceptors, donors, and protein. Net mass transfer of GalCerAV-GalCer pool initially present in the outer leaflet of the
has been previously reported for both pig and bovine brain donor vesicles. In LUVs, monohexosylceramides distribute
GLTP (7, 35). The data in Figure 2B also show that uniformly (~1:1) between the inner and outer leaflets of the
increasing amounts of GLTP in the assay lead to a satura-POPC vesicle bilayer3g). BecauseAF*,.x corresponds to

tion effect, resulting in a maximum value &fFma/AF o the outer leaflet AV-GalCer in the LUV donors, the data

(AR, JAFTSY. AF, ., Was measured by single-exponential are expressed as the fraction of total AV-GalCer present in
fitting of the AFnax data as a function of the increasing the donor vesicles (Figure 2B). The maximum valuéBfyax
GLTP concentrationR? values for all of the fitted data is  (AF o is calculated as twice the value &f,,, for LUVs,
0.99 at 95% ClI. Because the GLTP concentrations that resultconsistent with the transbilayer distributions reported by
in AF_JAFT> (Figure 2B) produce linear changes in the Sillence et al. 88) for GlcCer derivatives in LUVs. The
initial transfer velocity (Figure 2A), it is reasonable to saturation value for LUV is half of the total calculated

attribute the saturation response to the rapid depletion of theAV-GalCer pool AFha). For SUVs, however, théFm./
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AFne ratio reaches a saturation value of 0.36, consistent A

with 36% of AV-GalCer being accessible and distributed in

the outer leaflet of the donor vesicle. This value agrees well

with the transbilayer distribution of GalCer in SUVs w

measured by3C NMR previously in our laboratory3Q). H
Because the steady-state value in the transfer curve of

AV-GalCer reflects equilibrium, the molar equivalent of

AFnax can be used to calculate the equilibrium constant N| H“‘ ﬂm n

between the donors and the acceptors. The molar equivalent

of AF, AF™! can be calculated by realizing thaf,,/ Acceptor

AFT (the saturation value) corresponds to the fractional B

accessiblgpool of the GSL. For LUV, it is half of the total

AV-GalCer originally present in the donor vesicles. Thus, Pg Lg

AF™ = (FAF[AV-GalCer])/(AF, JAFhS), wheref is 0.5 . “

and 0.36 for LUV and SUV, respectively. Establishing the \“

relationship betweerF;,,/AF o and GSL concentration ks - >

available for transfer from the outer surfaces of LUVs and Pp k., PpLp”

SUVs permits the kinetic data to be calculated in terms of

the molar initial transfer rates (Figure 2A). To independently

Donor

confirm the values in Figure 2A, a well-established radio- C
isotope transfer assay was used to estimate transfer velocities

of 1 mol % [3H]-GalCer from SUV 14, 22). Values obtained QPB PoLs m
from assays over 40 min were 9.3 pma* min~! or 3.7

x 1072 sec™. The slope of the initial velocity in Figure 2A \‘ ky'

is 4.9x 1072 sec’, close to values obtained from the radio- k, Ki» g ‘/k_:,
isotope assay. In the radioisotope assay, 10% dipalmitoyl Py > G = PpLy*

phosphatidic acid (DPPA) is included in the donor vesicles
to enable separation of acceptors by ion exchange chroma-

tography. In a previous study, transfer of AV-GalCer from _ ) ) )
a charged vesicle by GLTP was shown to be slower than F'SURE 3: (A) Schematic of theconduit mechanism of GLTP
? . . action. GLTP forms a fusion complex with the donor and acceptor

from uncharged vesicled§). This may explain the lower  gjjowing the exchange of GSL between the two. (B) Schematic of
value of transfer rates obtained for the radioisotope assay.thebound transportemechanism of GLTP action. GLTP from the

The net overall transfer of GSL from the donors to the bulk (Bs) adsorbs onto the donor surface)PP, then forms an
acceptors is characterized by the total change in fluorescenceactivated complex (R.5) with the glycolipid (o) at the interface.
(AFmay. The total available AV-GalCer is characterized by The complex then immediately releasesifito the bulk, whereas
h . ible chanae in quorescentzthﬁK Po remains on the donor surface to access the remaining L
the maximum possi g - molecules. During the transfer procesg,dPce bound to a vesicle
Thus, the equilibrium constant for net transfer of AV-GalCer remains bound(C) Schematic of the proposedtke transporter
is represented as the ratio of AV-GalCer in the acceptors mechanism of GLTP action. GLTP from the bulkgjPadsorbs

and donors. In equation form onto the donor surface g Pp then forms an activated complex
(PDL*D) with the glycolipid (Lp) at the interface. The complex is
b _ [AV -GalCer}, . /[Acc] N q)AFmgIX N then immediately released into the bulks(B).
“  [AV-GalCerl,,/[Don]  (AFzmo! — AR GLTP action. One possibility is that GLTP formsanduit
o AFmoI)! AECTO between the donors and acceptors, allowing the exchange
T (1) of GSL between the two (Figure 3A). Thiscdnduit
(1 — AR AR mechanism would necessitate the formation of aggregates

containing donors, acceptors, and protein. Previously, we

® is the area ratio of donors/acceptors in the assay and isinvestigated this possibility using right-angle light scattering
0.1 under experimental conditions. [Acc] and [Don] are the (see Figure 6 in reB3) and found no evidence of vesicle
lipid molar concentrations of the acceptors and the donors, aggregation/fusion upon addition of GLTP, suggesting that
respectively. To obtain an accurate measuré(i;;f’*, the the mechanism represented in Figure 3A is unlikely.
operational ratio of donors/protein shouldtrEowthe limit Two other mechanisms can be envisioned in which GLTP
corresponding ta\F*nax In our experiments, this require- mediates no contacts between vesicles but instead facilitates
ment was achieved by having the protein concentration atdesorption of glycolipid from the donor vesicle surface. The
14 and 28 nM for SUV and LUV donors, which both were fundamental difference between the two mechanisms is
present at 13.3«M lipid concentration along with SUV ~ whether GLTP mediates transfer by lowering the energy
acceptors at 133 and 532V lipid concentration, respec-  barrier for selective glycolipid desorption while remaining
tively. At bulk protein concentrations higher than the working bound to the donor vesicle or whether GLTP and glycolipid
range, the measurement of overall transfer is limited by the form a complex that then desorbs from the donor vesicle
amount of AV-GalCer in the vesicle outer leaflets. surface to accomplish transfer. A schematic of the first

GLTP Action and Associated Kinetic Parameterbere variation where the protein remains bound to the donor
are three distinct mechanisms that can be considered forsurface pound transportéris presented in Figure 3B. In
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this model, the soluble GLTP P adsorbs to the donor 4.0+ 4 8.0x10"
vesicle surface ({ where it forms an activated complex u5.
(PDLE) with the glycosphingolipid. Once the activated ' 17 oxio™
complex is formed, because of its high-energy state, the 30
glycolipid is ejected into the bulk aqueous phasg) flthere \
it is free to readsorb to any nearby vesicle (donor or acceptor) 257 \% qeoxo™
that is encountered. The protein reverts to its nonactivated g 2o- 8
state and again forms a complex with the remaining substrate.s 1 s oao™ éo
In the alternative model, the activated complex itself releases '] z
into the bulk free transportey as shown in the schematic 104 /%\g//%
presented in Figure 3C. A complete solution to the models % q40x10"
described in parts B and C of Figure 3 is presented in %%
Appendix A. The final solution to the model can be written 00 e 30010
in its mathematical form as follows: 10 20 30 40 50 60
Donor Lipid (uM)
k+3k+lrLD FIGURE 4: Maximum transfer observed\F .« (l), and the initial
Yo B] (2) velocity of transfery, (@), as a function of the LUV donor vesicle

= D—
K_aKy + I(+3FLD concentration in the assay. The error bars represent the standard

deviation of three experiments performed at’87in 3 mL of PBS

In this equationyy is the initial transfer velocity, Pis the at pH 7.4.

bulk concentration of GLTH;, , is the surface concentration

. . velocity measurements. However, consideration of the rela-
of the GSL, ks is the desorption constant of thels, Y

lex k.. is the ad " tant of Ro the d tive amounts of donor and acceptor vesicles provides
ﬁomptEX,dH IS t'e a sorpt) |otn ?g_ST?Dn F? th ed onor, additional insights that are important for distinguishing the
-11S the desorption constant o blFfrom the donors, mechanisms. Under thiree transportermechanism, the

and Ky, is the two-dimensional MichalisMenten-type  oyerall transfer of AV-GalCer occurs by GLTP acting as a
constant for the GLTPGSL complex at the donor surface g, iije thatacquiresAV-GalCer from donor vesicles and
(PoLp). Even for the most simplistic models, the initial ynjoadsit into acceptor vesicle bilayers. The net transfer is
velocity of transfery, is a colmplex combination of k|net|q driven by the starting glycolipid concentration difference
rate constants as shown in eq 2. Under a hypothetical hetween the donors and acceptors, which are initially devoid
situation, where the GSL surface concentratibp,) is in of glycolipid, as well as the excess of acceptor vesicles.
excess such thaky < T, is satisfied and desorption  Under thebound transportemechanism, the overall transfer
constantk,; andk-, are comparable, eq 2 can be simplified of GSL occurs by GLTP remaining bound to the vesicles
as follows: while ejecting AV-GalCer into the bulk aqueous phase. The
- AV-GalCer in the bulk is then free to readsorb to either the
Uo % Kia[Pel (3) donor or acceptor vesicles. If th®und transportemech-
anism is responsible for GLTP action, then the maximum
change in fluorescencAFmax should increase proportionally
to the increase in the initial number of donors in the assay

In the event thatl',, is not in excesskisz and k-, are
comparable, andiﬁ > I'\,, eq 2 can be simplified as

KigKyiq because the bound GLTP completely exhausts the donor
Vo o [PellL, (4) surface. On the other hand, if tiree transportemechanism
k 1Ky is operational, thelFn.x should noincrease proportionally

to the number of donors in the assay. To distinguish between
the bound transporterand free transportermechanisms,
AFnax Values were measured as a function of the initial
amounts of donor lipid while keeping the acceptor amount

In either case, the initial velocity is first order with respect
to the bulk concentration ofd?as observed in our experi-
ments (see Figure 2A). It is evident from eqgs 3 and 4 that

interpretation ofyp in terms of kinetic constants depends on constant (Figure 4). The acceptatonor ratio did not have
thDe system pargmeters, particularly the re!at!ve values Ofa significant effect omAFa. From the results in Figure 4,
Kw andI',,. For instance, in the case thi, is in excess i j5 avident that increasing the donor concentration as high
andks andk-, are comparabley, is simply related to the ¢ 4 to1d did not result in a proportional increase in M@ya
adsorptg)n rate constant ogReq 3). On the other hand, \5j,es. These data strongly suggest thafitee transporter
when Ky > T's,, v is first order with respect to the  mechanism is the operational mechanism for GLTP under
substrate concentration and is related to the binding constangy,e experimental conditions. To reiterate the point made
of Ps to the donor and the desorption rate of thelp earlier, in the case of thbound transportermechanism,
complex (eq 4). In this situation, the two-dimensional surface increasing the donor vesicle concentration should have
processes (surface diffusion of protein and substrate) leadingresulted in a proportional increase in the valuesA6nay,
to the RL}, complex become important. Because 1 mol % and clearly, that was not the case. Thus, the kinetic
AV-GalCer was used in our experiments, it is more likely parameters are consistent with GLTP acting as a freely
that eq 4 is valid and that theDEE complex formation transporting shuttle, carrying GSL back and forth between
mechanism operates under the limitiig, condition. the donor and acceptor vesicles.

Because the equations governing theund transporter Rate-Limiting Step in GLTP-Mediated Transféhinding
and free transporter mechanisms converge, these two of GLTP to the donor membrane is rate-limiting, then
schemes cannot be distinguished based solely on the initialincreasing the number of donors in the assay should increase
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FiGurRe 5: (A) Arrhenius plot of the molar initial transfer rates for
SUV (E) and LUV (@) donors. The error bars represent the standard
deviation of three experiments. Linear regression of the experi-

mental data yields activation energi€s’j of 21.7+ 0.4 and 25.1

=+ 1.1 kcal mot? for SUV and LUV donors, respectiveli®? values

of the regressions were 0.99 for both SUV and LUV donors at
95% CI. (B) van't Hoff plot of the equilibrium constant&dy) for
SUV () and LUV (@) donors. The error bars represent the standard
deviation of three experiments. Linear regression of the experi-
mental data yields enthalpies of transfaHgy) of 14.94+ 2.2 and
15.4+ 0.3 kcal motf? for SUV and LUV donors, respectivel®?
values of the regressions were 0.99 for both SUV and LUV donors
at 95% CI.
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associated with the removal of AV-GalCer from the donor
vesicles. The energy requirements that govern the overall
GLTP-mediated transfer process were characterized by
analyzing the effect of temperature change on the transfer
rate constants and equilibrium constants, i.e., Arrhenius and
van't Hoff plots, respectively. Arrhenius plots of the GLTP-
mediated molar initial transfer rateg as a function of the
temperature are presented for SUVs and LUVs in Figure 5A.
The plots are linear over the experimental temperature range
for both types of vesicles. Because the vesicles were
composed of 98 mol % POPC, no phase transition occurs
within the experimental temperature range and the vesicles
exist in the L, phase state (liquid crystalline phase). The
minimum activation energy for the overall GLTP-mediated
transfer process was obtained using Arrhenius plots. Calcula-
tion of the activation energies from the linear Arrhenius
responses revealed larger activation energy for LUVs (25.1
=+ 1.1 kcal mot? or 104.94 4.3 kJ mot?) than for SUVs
(21.7 4 0.4 kcal mot? or 90.9+ 1.6 kJ mot?). Using the
absolute rate theory, other thermodynamic parameters were
calculated from the activation energy (Table 1). The transi-
tion-state values are similar to values obtained for the transfer
of phospholipids between SUVs mediated by phospholipid
transfer protein40).

The effect of changing temperature on the overall GSL
transfer equilibrium, i.e Kg;™, was calculated as described
earlier (eq 1) and analyzed using van't Hoff plots (Figure
5B) for the systems involving LUV and SUV donor vesicles.
The plots are linear for both vesicle systems, permitting the
calculation of the enthalpyAHeg) of overall transfer from
the reciprocal of the slopes. There is no significant difference
between the enthalpy of overall transfer of GSL for LUV
and SUV (15 kcal mal' or 63 kJ motl). AGeq is much
lower (12%) tham\Heq. Evidently, the entropic contributions
dominate the net transfer of GSL. This situation probably
results from the dominant role played by hydrophobic effects
in determining the net transfer. A net transfer occurs because
GSL is present initially only on the donor vesicles and there
is an excess of acceptor vesicles. This situation mimics the
cellular environment where the local membrane concentration
for glycolipids is likely to be high.

vo because of the increased binding sites. Figure 4 shows The thermodynamic parameters for the transition state,

the response afy to different initial donor concentrations.
There is no increase im over a 4-fold change in the donor
concentration, clearly suggesting that binding of GLTP to
the donor membrane i®tthe rate-limiting step. On the other

hand, increases in the GLTP concentration lead to propor-

tional increases img (Figure 2A). Thus, the events occurring
on the donor surface and involving the GLTBSL complex

AH*, AG*, andAS' are shown in Table 1. For SUMH?, is
less than but a major contributor (99%) A6*. For LUV,
however,AH* is greaterthan but still a major contributor
(109%) toAG*. A similar response but only for SUVs has
been reported for phospholipid transfer proted®)( For
GLTP, the major difference ihH* for SUVs and LUVs is
compensated bgntropic (AS?) contributions resulting in

formation and release from the surface are likely to constitute similar values oAG*. This enthalpy-entropy compensation

the rate-limiting step.
GLTP Action and Associated Thermodynamic Param-
eters.The mechanism of action used by GLTP to transfer

is attributed to GLTP binding to the membradd,(42). AH*
values for the GLTP-GSL complexation were found to be
endothermic for both SUVs and LUVs. These high endo-

AV-GalCer between donor and acceptor vesicles is a thermic values for the GLTPGSL complex are due to the

multistep process, wherein proteilipid interactions are

contributions of complex formation at the surface. Moreover,

expected to be of paramount importance. Spontaneousthe difference betweeAH* for SUVs and LUVs issmall

transfer of AV-GalCer is known to be extremely slow, with
a half-life of days 83, 34). Over the time course of our
experiments, there is an insignificant transfer of AV-GalCer

(14 kJ mot? or 3.4 kcal mot?t) and can be attributed to the
effects of curvature on GLTPmembrane binding. The major
contributors to theendothermicAH?, i.e., steps involved in

between the donors and acceptors (10-fold excess) in thethe GLTP-GSL formation at the surface, would have similar
absence of GLTP, consistent with a high-energy barrier energetics for both SUVs and LUVs. This also provides
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Table 1: Thermodynamic Parameters for GLTP-Mediated Transfer of AV-GalCer from SUV and LUV donors
AH* (kJ mol?) AG* (kJ mol?) AS? (I mort K1) AHe (kJ mol ) AGe (kJ mol?) ASP (I molt K1)

SuvV 88.3 89.6 —4.4 62.3 5.5 181
LUV 102.3 94.2 26.2 64.4 8.2 183

aAll of the transition-state thermodynamic parameters were calculated using the absolute rate BlporyHf = E, — RT, AG* =
—RTIn(voh/«T), andASF = (AH* — AG*)/T. ? All of the overall transfer thermodynamic parameters were calculated using the values of the overall
equilibrium constanKeq and AHeq Obtained from the slope of van't Hoff plots.

additional evidence for the GLTRGSL complex formation  tion of GSLs in biomembranes, i.e., rafts, and the tendency
as being the rate-limiting step. The endothermic nature of of GSLs to localize in both planar and curved regions of
AH* associated with the GLTPGSL complex formation is  biomembranes, i.e., caveolae.

noteworthy because stable, long-term binding of noncatalytic ~ our comprehensive characterization of the GLTP-mediated
peptideS to membranes is often found to be an eXOthermiCtransfer Of the minor Component GSLs from Curved and
process 41, 42). In this regard, the thermodynamic data planar model membranes has included assessment of the
prOVide additional eVidence Of GLTP aSSOCiating '[I’ansienﬂy energy requirements for achieving both an activated state
with the membrane, as would be expected for a shuttle/carrierand for a net overall transfer. The analyses, based on the
mechanism of action. contributions of various kinetic steps and the overall energy

Implications.To our knowledge, this study represents the requirements, suggest that (a) GLTP acts as a freely
first systematic modeling of GLTP interaction with SUVs transporting shuttle, carrying GSL back and forth between
and LUVs. The model is novel in its treatment of GLTP the donor and the acceptor vesicles, and (b) the rate-limiting
action as a multistep process occurring at the membranestep for GLTP action is the GLTFPGSL complex formation
interfacial region and requiring interaction with glycolipid. at the membrane surface and not the binding to the donor
The model also provides a potentially valuable tool for better vesicle. Differences in GLTP binding to LUVs and SUVs
understanding the capacity of GLTP to probe the physico- appear to explain the observed differences in GLTP-mediated
chemical features of membranes enriched in glycosphin- GSL transfer for these two systems, a possibility supported
golipids, i.e., rafts. While other models have been developed by preliminary fluorescence energy transfer experiments in
for various phospholipid transfer proteind3(-47), these which GLTP intrinsic fluorescence is used to follow binding
models traditionally rely on ordinary two-substrate enzyme- to LUVs and SUVs containing dansylated lipid9j. Also
catalyzed reactions that can be adequately describpthgy noteworthy is the observation that the binding of free GLTP
pong Bi-Bi mechanisms. The models are well-suited for to the membrane appears to have a minimal contribution to
characterizing transfer mechanisms involving single-com- the overallAH* andAG* of the system. A direct implication
ponent lipid membranes, as is the case for phosphatidylcho-of these findings is that GLTP action is likely to be
line transfer protein46). However, for cases such as those influenced by surface processes that affect formation and
investigated here, a minor lipid component (e.g., AV-GalCer) release of the GLTPGSL complex. Thus, processes that
is being transferred from a two-component lipid membrane influence this step, like GSL compartmentalization or domain
in which the major lipid component (POPC) serves as a formation, can be studied using GLFFhembrane systems.

matrix and is not a “substrate” for the lipid transfer protein. | the present study, we have demonstrated that surface
This situation is more similar but not identical to that of the processes, which depend on the microenvironments of the
phosphatidylinositol transfer protein (PITP), which displays sypstrate and that lead to the formation and release of the
about a 15-fold preference for Pl over PC. In previous GLTP-GSL complex, dominated the transfer mechanism.

modeling studies of PITP actiod 48), it was assumed e also have presented and mathematically solved a model
that the initial transfer velocity can be described solely in for GLTP action that can be potentially used to probe GSL-

terms of donor and acceptor vesicle concentrations to modelcontaining membranes. The tools developed in this study are

the functional unit of interaction with PITP. While this ||ke|y to provide new ways to anaiyze GSL environments
assumption may hold when PI concentrations are relatively jn pjological membranes containing lipid rafts.

high in the membrane vesicles, the situation becomes more

complicated in cases where the minor lipid component is APPENDIX A

present at low concentrations in the membrane (esdQ

mol %). Under such conditions, the “substrate” lipid Mathematical Description of Initial Velocity of GLTP
concentration within individual vesicles can be expected to Activity Based on the Proposed Mechanishhere are two

be of paramount importance because LTP adsorption to abasic assumptions involved with the mechanisms proposed
membrane vesicle may not be kinetically synonymous with in parts B and C of Figure 3. First, the protein hastisorb

the formation of a complex between LTP and its substrate from the solution to the donor interface, and second, there
lipid. In other words, at low glycolipid concentrations, a is a formation of the activated complex that is essential for
situation typical for many biomembranes, formation of the the release of either glycolipi(bound transporter)or the
GLTP—-GSL complex within the membrane interfacial glycolipid—protein(free transportercomplex. Evidence of
environment may require lateral diffusion of either GSL, complex formation of GLTP with GSL has been previously
GLTP, or both. Also kept in mind while developing our demonstrated by fluorescencg $0) and radioactive meth-
experimental strategies and mathematical formalism for ods @, 11). However, the details of GLTPGSL interactions
modeling GLTP-mediated transfer of GSLs between mem- are largely unknown. Implicit in the formation of an
brane vesicles were the reported nonrandom lateral organizaactivated-state complexDE*D is the assumption that the



Mechanism of Glycolipid Transfer Protein Biochemistry, Vol. 43, No. 43, 2004.3813

residence time of the complex would be very small. As a npAs Kk, (k_, + kg
result, aquasi-steady-statégss) approximation is valid for Vg = V. (K, + Ko (KT, +k,+ko FPD‘O‘FLD
the activated-complex concentration. The following equations LoAR=2 7 /W20 L, T P2 T TS

may be written for the mass balance Qﬂ.l% for either of (A6)
the mechanisms: NpA Kig
Yo~ V, k ,+ k+ rPDtolrLD (A7)
d FPDL . L I, + 2 3
0= dt Keolp I — ° Kz

V . . . +
(k_,+ k'JrS)rPDLB + K L] L (Ala) Defining the Michalis-Menten-type constant for the;Pp

NpA complex formed on the donor vesicles
dlp | K, t+ kg
__ Pt _ KD =~ = A8
0=—g =k, M . (A8)

V,
(K, +Kiglp 2 + K g[Pglgl L (Alb) Thus, the initial velocity for glycolipid transfer from the
D

NpAs donor vesicles under the conditions where the acceptors are

. _ . in excess may be written as
In these equations, all of thE values are the interfacial

concentrations of the respective specigsis volume of the NpAs  Kig
bulk, np is the number of donor vesicles, aAdis the surface Y=y —F L KD rPDmrLD
area of donor vesicles. The factdr/npAs denotes the bulk L ( Lo M)

concentration seen from the donor surface. When the acceptor_ . ) o o ]
population is in a large excess of the donor population 1his mathematical description of the initial velocity of

(10-fold excess in surface area), tinisial rate of readsorp- transfer of glycolipid is a function of the surface concentra-
tion of Lg or the RLs complex to thedonor can be tion of GLTP and_ gl_ycollpld. To qbtam a tang_lble depen-
considered negligible compared to its readsorption to the dénce ofo on the initial concentration of GLTP in the bulk,
acceptor In our assay, the acceptor vesicle surface areas forsome understanding of the initial GLTP adsorption to the
both SUVs and LUVs are in an excess of the donor donor surface needs to be obtained.

population and hence such a condition is established. Thus, GLTP Adsorption to the Donor Vesicle Surfabeom our
the egs Ala and Alb tend to be similar under the assumption_bas'c assumption of the model, the initial adsorption of GLTP

(A9)

that initial rate of readsorption ofgPor the RLg complex is essential for its transfer activity. The adsorption of GLTP
from the bulk to the donor is negligible. The only difference IS modeled by treating the interface as a black box, and thus,
would be the differences in definitions &fs (K ;) andk s the only relevant events are the adsorption and desorption

(k'5). Henceforth, for convenience, only one notation that Of Protein species. The effect of surface processes is
of ki andk_s will be used. Under these conditions, it is not com;ounded in the equation by the concentrationspoaid
possible to distinguish between the two mechanisms becauséolp

their governing equations tend to be the same vV
Porot _

L
oo Kol'p T (A2) dt  npA Kig[Pgl —k i I'p = kislp s (A10)
T ko tki)

Similarly, writing the mole balance equation fog Bn the
donor surface

From an earlier assumption of gss for th@LE’ complex,
substituting the values fdre, andTp |, in eq A10

0= Poiot _ VL P
_— Ky + Kio) A3) Codt A Ki[Pe]
o (ko' Tkt Kig) Pt Kog(kop T kig) + Kkl
k (r + KD) Pbtot (All)
The initial velocity of transfer mediated by GLTP in molar 20 L M
units can be written as b
A Lk P.] KKy + k+3FLD (A12)
NpAs A KPRl = — 5 1lp,
Vo= v, Kial'pLs (A4) MoAs (r, + KW >

. . F Al2
Using the gss assumption for th@Ll% complex fom €9

k.. (T, +KP)
oA Kiake, V[ B T
T, T A5 o = [Pl  (A13)
VL (kptky ™t (A9) o A kflKrI\DA+k+3FLD °

Substituting the appropriate value for the surface concentra-Rewriting eq A9 using the profile of enzyme adsorption from
tion of Py eq Al13

Ug=
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Under the conditions where the surface concentration of 15,

o ksky

=————[Pg]
ko 4Ky + Kial'L, T

Vo (A14)

glycolipid is in an excess such thkf, < T, is satisfied

and the desorption constants are comparable, eq A14 can be, g

simplified as follows:

Vo ~ Ki4[Pg] (A15)

In the event that the surface concentration of glycolipid is
not in excessKy, > T, and desorption constants are
comparable, eq Al4 can be simplified as

KiaKyg
Up ~ o [Pell,
k_1Ky

(A16)

In either case, the initial velocity of GLTP-mediated transfer
is first order with respect to the bulk concentration of GLTP
and can be described mathematically by eqs-AA46.
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