GLTP-fold interaction with planar phosphatidylcholine
surfaces is synergistically stimulated by phosphatidic
acid and phosphatidylethanolamine®
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Abstract Among amphitropic proteins, human glycolipid
transfer protein (GLTP) forms a structurally-unique fold
that translocates on/off membranes to specifically transfer
glycolipids. Phosphatidylcholine (PC) bilayers with curva-
ture-induced packing stress stimulate much faster glycolipid
intervesicular transfer than nonstressed PC bilayers raising
questions about planar cytosol-facing biomembranes being
viable sites for GLTP interaction. Herein, GLTP-mediated de-
sorption kinetics of fluorescent glycolipid (tetramethyl-boron
dipyrromethene (BODIPY)-label) from lipid monolayers
are assessed using a novel microfluidics-based surface bal-
ance that monitors lipid lateral packing while simultaneously
acquiring surface fluorescence data. At biomembrane-like
packing (30-35 mN/m), GLTP uptake of BODIPY-glycolipid
from POPC monolayers was nearly nonexistent but could
be induced by reducing surface pressure to mirror pack-
ing in curvature-stressed bilayers. In contrast, 1-palmi-
toyl-2-oleoyl-phosphatidylethanolamine (POPE) matrices
supported robust BODIPY-glycolipid uptake by GLTP at
both high and low surface pressures. Unexpectedly, negatively-
charged cytosol-facing lipids, i.e., phosphatidic acid and
phosphatidylserine, also supported BODIPY-glycolipid
uptake by GLTP at high surface pressure. Remarkably, in-
cluding both 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate
(5 mol%) and POPE (15 mol%) in POPC synergistically
activated GLTP at high surface pressure.ll Our study shows
that matrix lipid headgroup composition, rather than molec-
ular packing per se, is a key regulator of GLTP-fold function
while demonstrating the novel capabilities of the microfluidics-
based film balance for investigating protein-membrane
interfacial interactions.—Zhai, X., W. E. Momsen, D. A.
Malakhov, I. A. Boldyrev, M. M. Momsen, J. G. Molotkovsky,
H. L. Brockman, and R. E. Brown. GLTP-fold interaction
with planar phosphatidylcholine surfaces is synergistically
stimulated by phosphatidic acid and phosphatidylethanola-
mine. J. Lipid Res. 2013. 54: 1103-1113.
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Proteins are considered to be amphitropic when trans-
location to/from biomembranes: ¢) is required for func-
tion; ) occurs transiently and reversibly from the cytoplasm;
and :2) involves interaction with the lipid bilayer (1-3).
Glycolipid transfer proteins (GLTPs) comprise a structurally-
unique amphitropic protein superfamily defined by their
ability to reversibly interact with membranes to achieve se-
lective transport of glycosphingolipids (4). Human GLTP
resides in the cytosol (5), but is capable of delivering glu-
cosylceramide to the cytosolic face of the plasma membrane
(6, 7) and contains a nonclassical diphenylalanine-in-an-
acidic-tract targeting sequence to the endoplasmic reticu-
lum (8). GLTPs occur widely among eukaryotes (4, 9) and
GLTP-like domains serve as key functional regions in
larger human proteins, i.e., FAPP2 (10, 11). The GLTP-
fold is dominated by a-helices, lacks intramolecular disul-
fides, and uses a two-layer “sandwich” motif to form a single
glycolipid binding site consisting of a surface-localized
sugar headgroup recognition center and an expandable
hydrophobic pocket for accommodation of the ceramide
hydrocarbon chains of the glycolipid (12-17). During gly-
colipid transfer, GLTP interacts with membranes tran-
siently and in a minimally perturbing manner (18, 19) via
a membrane interaction domain formed by a cluster of
Trp, Tyr, Lys, and nonpolar residues on the GLTP surface
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region adjacent to the glycolipid binding site. The spatial
organization of these “membrane interaction residues”
(12) differs from the membrane-docking domains of other
amphitropic proteins, i.e., Cl1, C2, PH, PX, and FYVE
domains (20).

In vitro studies of GLTP involving model membranes
typically have utilized a phosphatidylcholine (PC) matrix
for the glycolipid. With highly-curved PC bilayer vesicles,
dramatically enhanced GLTP partitioning affinity and as-
sociated glycolipid transfer rates are observed compared
with noncurvature-stressed vesicles (18, 21). Also, GLTP
penetration into PC monolayers becomes undetectable
above 23-26 mN/m (18, 22), i.e., packing pressures well
below the 30-35 mN/m range that mimics nonstressed
biomembranes. The findings raise questions about the
viability of planar noncurvature-stressed membranes that
typically occur in vivo for GLTP interaction. However, two
factors currently limit understanding of the issues. First,
the matrix lipid compositions studied to date have been
rather simple, i.e., binary component, and have lacked the
compositional complexity exhibited by cytosolic-facing
biomembranes. So it remains unclear whether biomem-
brane-like lipid compositions can actually promote GLTP
interaction and/or penetration into lipid monolayers at
high surface pressures that mimic lipid packing in biomem-
branes. A second issue relates to the increase in average
lipid headgroup spacing, i.e., free area, associated with
positive curvature stress of the lipid matrix. Can such cur-
vature stress alter or mask matrix lipid regulatory effects
such as those of negatively-charged lipids on GLTP action?
Gaining insight is important because negatively-charged
phosphoglycerides typically reside or can be generated
in membrane surfaces facing the cytosol (23), the cellular
location where GLTP and many other amphitropic pro-
teins localize.

Lipid monolayers provide a useful system for investigating
lipid lateral interactions and protein partitioning to lipid in-
terfaces while controlling lipid packing conditions (24). Be-
sides serving as a model for half of a membrane bilayer,
monolayers offer the advantage of maintaining the same
macroscopic form over broad lipid compositional ranges and
for different lipid types without transition to other mesomor-
phic phase structures. This is especially true for studies of
lipid lateral packing involving nonbilayer-forming lipids
such as phosphatidylethanolamine (PE). In the present
study, we use a custom-developed microfluidics-based
monolayer apparatus that simultaneously measures surface
pressure and fluorescence to monitor the removal of boron
dipyrromethene (BODIPY)-labeled glycolipid (1 mol%) by
GLTP from monolayers comprised of different lipids and
their mixtures. The ability to independently and systemati-
cally vary lipid packing and composition, parameters not eas-
ily controlled when biomolecule adsorption is studied using
solid surface-supported lipids or vesicles (e.g., surface plas-
mon resonance), provides a new avenue for deciphering how
lipid compositional changes regulate membrane interactions
of amphitropic proteins. Defining the parameters that regu-
late amphitropic protein interaction with the lipid bilayer
could also provide new ways to control their functionality.
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MATERIALS AND METHODS

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA), and 1-palm-
itoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), and POPC were
obtained from Avanti Polar Lipids (Alabaster, AL). 1-Palmitoyl-2-
[15-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-
8-yl) pentadecanoyl] sn-glycero-3-phosphocholine (B15-PC) and
D-galactosyl-$-1,1"-N-[15-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,
4a-diaza-s-indacene-8-yl) pentadecanoyl] D-erythro-sphingosine
(B15-GalCer) were synthesized as reported previously (25-27).
Use of tetramethyl BODIPY lipids (versus dimethyl BODIPY
lipids) enhanced fluorophore embedding among matrix lipid
chains. Lipids were spread from 1.5 mM stock solutions in hexane/
ethanol (90:10, HPLC grade). Subphase buffer consisted of 50 mM
sodium phosphate (pH 6.6), 100 mM NaCl, and ultrapure water
(Millipore Q system).

Microfluidics-based surface balance /
fluorescence platform

Figure 1A illustrates the platform components and their
application to investigation of the GLTP “half-reaction” (not
drawn to scale). All components, except the computer, fluorim-
eter, and laser power supply, are enclosed in a temperature-
controlled box (not shown) maintained at 24°C. Figure 1C shows
the actual surface balance which consists of a rectangular chan-
nel (0.23 x 1.5 x ~0.015 cm) that was milled into the base (2.54 x
1.6 x 0.32 cm) cut from a 4 optical density glass absorbance
filter (Edmunds Optics, Barrington, NJ). Prior to milling, the up-
per surface of the base was rendered hydrophobic by treating
with 1H,1H,2H,2H-perfluorooctyltrichlorosilane. The base was
mounted in an aluminum block recess and under a plexiglass cover
to maintain a humidified argon atmosphere. Solutions were
delivered/removed from the channel through PEEK tubing via
three larger ports (Fig. 1C, left to right: waste, sucrose, and buf-
fer; 0.159 cm outer diameter x 102 pm inner diameter) and six
smaller sample ports (360 pm outer diameter x 150 pm inner
diameter) externally manifolded together. Sample or buffer was
delivered at 10 pl/min using Instech Laboratories P625/10683
peristaltic pumps (Plymouth Meeting, PA) fitted with 0.051 cm
tubing. The linear flow rate in the microfluidic channel was
~0.05 cm/s. Waste was removed using a model 625/900 pump
fitted with 0.038 cm tubing. Sucrose (50% in buffer) was delivered
at 2.0 pl/min using a World Precision Instruments (Sarasota, FL)
SP260P syringe pump. Due to higher density, the sucrose solu-
tion moving along the bottom of the channel prevented protein
adsorption. The beam from a 630 nm diode laser mounted to the
aluminum block was directed across the top of the channel to a
photodiode to control the waste pump. This setup enabled the
channel liquid depth to be kept constant while variation of the
reference voltage allowed the height of the liquid meniscus to be
controlled. During normal operation the meniscus height was
set to within a few microns of zero, creating an almost flat air/
liquid interface. Studies of colipase and glucagon adsorption
and desorption kinetics (28, 29) guided instrument design
features.

Air-exposed surfaces of the cell were cleaned by aspiration, fol-
lowed by methanol, and then water aspiration prior to initiating
buffer flow and recording surface tension/pressure. A pTrough
S sensor (Kibron, Inc., Helsinki, Finland) consisting of a Wilhelmy
probe, i.e., nichrome wire (28-gauge; ~0.31 mm), was used to
monitor surface tension/pressure. Buffer values in the cell
agreed within 0.2 mN/m with those measured at a much larger
interface. Buffer consisted of 10 mM potassium phosphate, 0.1 M
NaCl buffer, pH 6.6. To set the desired surface pressure, the buffer
surface was touched with a clean stainless steel wire that had been



dipped into lipid solution dissolved in hexane/ethanol (9:1).
Any excess lipid was removed by touching a clean wire to the
surface to reduce surface pressure to the desired value. The
monolayer was allowed to stabilize for ~5 min prior to solute in-
troduction into the flowing subphase.

During cell operation, fluorophore at the gas-liquid interface
or in the subphase was excited by light from a JDSU 2212-4S
488 nm Ar laser (Santa Rosa, CA) through one arm of a bifurcated
optical fiber assembly (2 x 600 pm diameter), mounted at 50° rela-
tive to the interfacial plane. The illuminated excitation spot was
~1 mm wide. Emitted light entered the other arm of the bifur-
cated fiber and was passed through 490 nm cutoff and 500-570 nm
bandpass filters before being projected onto a cooled two-dimen-
sional CCD array detector (ANDOR DV420-BU2 CCD; Andor
Technology, South Windsor, CT). Emission from the monolayers
was measured for 0.5 s at 3 s intervals using 10% maximum laser
intensity to avoid photobleaching the BODIPY fluorophore. Fluo-
rescence data were recorded and quantified by summing the in-
tensities of illuminated detector pixels and processed using Andor
MCD v2.62. Single pixel intensity spikes >50 counts higher than
adjacent pixels were presumed to originate from cosmic rays and
were replaced by the adjacent pixel average. Data from the CCD
camera and pTrough S sensor were analyzed on a desktop com-
puter. Net fluorescence emission intensities were calculated by
subtraction of instrumental dark spectra and the integrated inten-
sity recorded before BODIPY-labeled lipid was introduced onto
the buffer surface of the flow cell.

GLTP expression/purification

Human GLTP (GenBank AF209704) was expressed and affin-
ity-purified (30) using pET-30 Xa/LIC vector (Novagen). 6x His-
S-tag cleavage yielded native GLTP, avoiding subtle changes to
protein conformation and glycolipid binding induced by N-
terminal fusion tags (13). Near-UV CD confirmed native global
folding (15, 16, 19). Protein purity and concentration were deter-
mined by SDS-PAGE and bicinchoninic acid assay (31).

RESULTS AND DISCUSSION

Glycolipid removal by GLTP is mitigated by PC but
induced by PE

In eukaryotic membranes, PC is typically a predominant
lipid constituent that drives spontaneous bilayer forma-
tion. Not surprisingly, PC is a popular model membrane
matrix. We initially investigated the ability of GLTP to ac-
quire galactosylceramide (1 mol%) labeled with tetrame-
thyl BODIPY via a pentadecanoyl acyl linker (B15-GalCer)
from POPC monolayers poised at 30 mN/m, a surface
pressure that mimics packing conditions in planar biomem-
branes (32, 33). GLTP is known to bind and transfer with-
out chemically altering the glycolipid itself (31). Figure 1
depicts the novel custom-designed miniature surface bal-
ance/surface fluorescence apparatus used in our study. It
consists of an open microfluidic flow cell equipped with a
Wilhelmy nichrome wire for measuring surface pressure
and a laser-coupled fiber optic cable/diode array platform
for acquiring fluorescence spectra. The fluorescence
detection capability enabled direct assessment of GLTP-
mediated departure of B15-GalCer from monolayers com-
posed of different matrix lipids into a flowing subphase
while controlling the lateral packing state.

Matrix lipid headgroups regulate amphitropic protein action

Figure 2A, B shows that introduction of GLTP into the
flowing subphase beneath the POPC monolayer results in
both the surface pressure (upper panel) and the surface
fluorescence signal of the B15-GalCer (lower panel) re-
maining relatively unchanged over 20 min, indicating a
lack of glycolipid removal by GLTP. The finding is note-
worthy because POPC remains fluid (liquid-expanded) at
30 mN/m and is packed similarly as in planar membranes.
We hypothesized that the lack of B15-GalCer uptake by
GLTP from the fluid PC monolayers reflects shielding by
the close packed PC headgroups that limits access of GLTP
to the smaller and less-hydrated galactose headgroup
of GalCer (34). The phosphocholine headgroup is ca-
pable of limiting PC molecular lateral packing density in
bilayers and monolayers, especially when the acyl chains
contain few cisunsaturated bonds (35-38). This “spacer
effect” of the PC headgroup arises because the highly
hydrated and relatively bulky PC headgroup orients almost
orthogonally relative to the packed acyl chains of bilayers
and monolayers rather than remaining aligned with the
acyl chains. As a result, the PC headgroup can exert a
shielding or “umbrella effect” over other neighboring lip-
ids with small headgroups (e.g., GalCer, cholesterol) pres-
ent as minor constituents (39). Support for this idea also
comes from a recent study (40) of lectin interaction with
neoglycolipid dispersed in planar PC films. The insertion
of a linker to vertically displace the sugar relative to the
PC headgroups was needed to ensure maximal lectin
binding.

To test our hypothesis, we switched the monolayer
matrix to POPE because its smaller phosphoethanolamine
headgroup lacks the three methyl groups that surround
the terminal ammonium group of PC but still remains
zwitterionic like PC. Figure 2B shows that the POPE mono-
layer matrix induces rapid loss of surface fluorescence,
reflecting removal of B15-GalCer by GLTP, despite the ini-
tial surface pressure being 30 mN/m, i.e., packing similar
to planar biomembranes (32, 33). The minimal surface
pressure change observed during B15-GalCer removal by
GLTP is consistent with the low surface concentration of
glycolipid (1 mol%) in the POPE monolayer (Fig. 2A).

B15-GalCer removal from POPE monolayers depends on
GLTP concentration and glycolipid surface concentration

To confirm that the time-dependent decrease in surface
fluorescence from POPE monolayers reflects B15-GalCer
removal by GLTP, the rate of B15-GalCer signal decrease
from the POPE monolayer was studied as a function of
GLTP concentration (0.1 to 3.0 pM) in the flowing sub-
phase (Fig. 3A). Higher GLTP concentrations produced
faster removal of B15-GalCer from the POPE monolayer.
At 3.0 pM GLTP, removal of the B15-GalCer (1 mol%) be-
gins within 30 s of protein introduction into the subphase
flow and is almost complete within 5 min. At 0.6 pM GLTP,
an ~4.5 min time lag is observed prior to onset of B15-
GalCer removal that takes 20 min to complete. At 0.1 pM
GLTP, the removal rate of B15-GalCer is so slow that any
onset time lag is obscured and the emission signal is only
slightly diminished after 20 min. The lack of saturation
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with GLTP suggests weak binding to POPE. The linear
relationship between GLTP concentration and maxi-
mum rate of B15-GalCer fluorescence signal loss from the
POPE monolayer surface suggests a first-order relationship
(Fig. 3B) although the precise origin of the initial lags in
B15-GalCer removal at low GLTP concentrations is unclear.
One possibility is diffusion-controlled time-dependent
equilibration of GLTP into the unstirred layer adjacent to
the lipid monolayer interface. Other studies have shown
that such equilibration of protein concentration requires
a few seconds following introduction into the flowing sys-
tem. Figure 3C shows how different initial concentrations
of B15-GalCer in POPE monolayers affect the initial fluo-
rescence intensity and subsequent rate of decrease after
introduction of GLTP into the flowing subphase beneath
the POPE monolayer. Higher initial B15-GalCer surface
concentrations yielded higher emission intensity and more
rapidly decreasing signal upon exposure to equivalent
subphase concentrations of GLTP. Analysis of highlighted
data in Fig. 3C revealed a linear relationship between max-
imum glycolipid removal rate by GLTP and initial B15-
GalCer concentration in POPE monolayers, as indicated
by normalized initial fluorescence intensity (Fig. 3D). By
keeping B15-GalCer concentration low (<1 mol%), maxi-
mal emission intensity is achieved while minimizing self-
quenching linked to energy transfer from excited-state
monomers to ground-state dimers and complications
arising from homo-Forster resonance energy transfer that
occurs at high BODIPY concentrations in monolayers

(25, 41, 42) and bilayers (43, 44).

B15-GalCer removal by GLTP is regulated
by surface pressure but in a phospholipid
composition-dependent manner

To assess the relative importance of monolayer matrix
lipid composition versus lipid interfacial packing in regu-
lating GLTP accessibility to B15-GalCer, glycolipid removal
from POPC and POPE was compared at different initial
surface pressures (Fig. 4). Because glycolipid removal rate
depends on protein concentration, a low GLTP concen-
tration (0.6 pM) was used in the flowing subphase. The
data show that GLTP was unable to extract B15-GalCer
(1 mol%) from POPC monolayers at initial surface pres-
sures =24 mN/m. Below the threshold of ~24 mN/m
(Fig. 4B), glycolipid removal by GLTP commenced with
the removal rate increasing as a function of decreasing ini-
tial pressure. When POPC monolayers were initially poised
at surface pressures <20 mN/m, introduction of GLTP
into the flowing subphase resulted in a sudden eleva-
tion of surface pressure (e.g., Fig. 4A, =15 mN/m) that
preceded the typical loss of surface fluorescence associ-
ated with B15-GalCer departure (Fig. 4B). The response
was consistent with deeper GLTP penetration into the

monolayer, likely reflecting the increased “free area” avail-
able for GLTP adsorption (45) and the surface activity of
GLTP itself. GLTP adsorption to lipid-free air/buffer inter-
faces results in equilibrium surface pressures of 17-19
mN/m (22).

The lack of B15-GalCer departure from POPC at high
surface pressures (30-35 mN/m) and stimulation by lower
surface pressures (<24 mN/m) are consistent with the
known ability of GLTP to transfer glycolipid rapidly when
PC vesicles are small and highly curved compared with
much slower transfer that occurs when PC vesicles are
large and lack curvature stress (21). While surface pres-
sures of 30-35 mN/m (or higher) generate lipid packing
similar to unstressed fluid planar bilayers, surface pres-
sures in the 20-25 mN/m range produce lipid packing
that resembles the stressed environment in high-curvature
PC vesicle outer surfaces (32, 33).

With POPE monolayers (Fig. 4C, D; supplementary Fig. I),
B15-GalCer departure also was rapid at lower surface pres-
sures (20-25 mN/m), but persisted at high surface pres-
sures (30-35 mN/m) (Fig. 4D). Surface pressures >36 mN,/m
were needed to block glycolipid removal from POPE which
remains in a fluid liquid-expanded state up to ~40 mN/m.
Above ~40 mN/m, POPE undergoes a phase transition
and both liquid-expanded and liquid-condensed phases
coexist (46). Figure 5A shows that the initial removal rate
of B15-GalCer is linear with respect to surface pressure re-
gardless of whether the fluid-phase monolayer matrix is
POPE or POPC, but the removal rate is much faster from
POPE than from POPC and persists at higher surface pres-
sures for POPE compared with POPC. Thus, both matrix
lipid composition and lateral packing control the glyco-
lipid removal rate. The smaller PE headgroup not only
induces faster B15-GalCer removal by GLTP but also en-
ables transfer at surface pressures producing lipid packing
conditions associated with planar membranes. By contrast,
the PC headgroup supports slower glycolipid removal but
only when surface pressures are low enough to produce
lipid packing that mimics curvature-stressed bilayers.

Another consequence of the smaller PE headgroup is
higher surface density of B15-GalCer in POPE compared
with POPC at equivalent surface pressure. To determine if
this situation accounts for the faster glycolipid extraction
rate by GLTP, desorption rates were plotted as a function
of B15-GalCer (pmol) per monolayer surface area (cmg)
for each phosphoglyceride (Fig. 5B). Calculation of the
B15-GalCer surface density is provided as supplementary
information. While the B15-GalCer initial departure rate
shows a linear dependence on glycolipid surface density
in POPE and POPC, the departure rate actually slows as
the B15-GalCer surface concentrations increase in either
matrix lipid. Furthermore, the departure rates sup-
ported by POPE and POPC differ dramatically at identical

Fig. 1.

A: Microfluidic flow cell monolayer apparatus configured to monitor surface pressure while simul-

taneously measuring fluorescence intensity (not drawn to scale; see Materials and Methods for a detailed
description). B: Chemical structure of B15-GalCer fluorophore. C: Photo of microfluidic flow trough. D:
Docking of GLTP containing bound 24:1-GalCer with the monolayer interface as predicted by the Orienta-
tion of Proteins in Membranes computational approach and analyzed by Trp fluorescence (19).
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B15-GalCer surface concentrations. When BI15-GalCer
surface densities exceed ~2.6 pmol/ cm2, departure from
POPC ceases but remains fast from POPE. Supplementary
Figure II shows that B15-GalCer departure exhibits similar
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trends when analyzed in terms of POPE and POPC surface
density. These findings lead to the conclusion that the
phosphoglyceride headgroup chemical composition and
not the glycolipid or matrix lipid surface density per se
ultimately controls whether GLTP interaction occurs when
lipid packing mimics planar fluid-phase biomembranes.

GLTP removal of glycolipid from phosphatidic acid and
phosphatidylserine monolayers

To determine if a PE matrix is the only phosphoglycer-
ide matrix that supports efficient glycolipid removal by
GLTP at high surface pressures, other phosphoglycerides
were tested. Figure 6 shows that POPA and POPS both sup-
port fluorescent glycolipid removal by GLTP at high sur-
face pressure despite being negatively-charged monolayer
matrices. It is noteworthy that GLTP introduction into the
flowing solution beneath the POPA and POPS monolayers
results in sudden increases in surface pressure of 2-3
mN/m despite the relatively high initial surface pressures
(~30 mN/m) of the monolayers prior to protein addition
(Fig. 6A). The sudden spikes in surface pressure are con-
sistent with enhanced adsorption/penetration of protein
into each lipid monolayer. Subsequently, the surface pres-
sure becomes stable with the POPA surface pressure de-
creasing slightly over the 20 min experimental interval
while the surface pressure of the POPS matrix increases
slightly. The overall fluorescence response of B15-GalCer
(Fig. 6B) is consistent with glycolipid removal by GLTP
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Fig. 3. Surface fluorescence rate change depends on concentration of subphase GLTP and monolayer glyco-
lipid. A: Effect of GLTP subphase concentration (0.1, 0.3, 0.6, 1.0, and 3.0 pM) on B15-GalCer uptake from POPE
monolayers as a function of time. Initial surface pressure, 25 mN/m. B: The symbol-delineated region in (A) was
used to analyze the removal rate of B15-GalCer as a function of GLTP concentration. C: Effect of B15-GalCer
surface concentration (0.1, 0.2, 0.5, and 1 mol%) on uptake by GLTP from POPE monolayers as a function of
time. GLTP subphase concentration, 3.0 pM. No differences in the corresponding surface pressure versus time
profiles for the B15-GalCer initial surface concentrations were evident (not shown). D: The symbol-delineated
region in (C) was used to analyze the glycolipid removal rate as a function of B15-GalCer concentration.
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Fig. 4. Surface pressure regulates glycolipid removal rate from
the monolayer in a phospholipid composition-dependent manner.
The upper panels show the surface pressure change as a function
of time when the monolayer matrix is POPC (A) or POPE (C), re-
spectively. The initial fixed surface pressures are 15, 20, 24, 30, and
33 mN/m for POPC and 23, 25, 27, 29, 32, and 36 mN/m for
POPE. Lower panels (B) and (D) show the corresponding surface
fluorescence response as a function of time for the different initial
surface pressures in (A) and (C). B15-GalCer uptake by GLTP from
POPE occurs in a surface pressure-dependent manner but uptake
from POPC ceases at surface pressures =24 mN/m. Additional
data obtained at low initial surface pressures for POPE matrix
monolayers is provided in supplementary Fig. I.

from the POPA matrix being rapid. Unlike a POPS matrix,
which supports continuous and steady departure of BI15-
GalCer, GLTP interaction with a POPA monolayer matrix
induces a sudden dramatic increase in the glycolipid fluo-
rescence signal that gives way to a subsequent exponential
decrease. The initial increase in fluorescence intensity
suggests that POPA provides a favorable environment for
GLTP-induced lateral dispersion of B15-GalCer that pro-
motes glycolipid uptake, partially relieving the self-quench-
ing exhibited by BODIPY lipids even at low concentrations
in monolayers (35, 41, 42). In any case, the stimulation of
fluorescent glycolipid desorption by phosphatidic acid
(PA) and phosphatidylserine (PS) was unexpected be-
cause negatively-charged phosphoglycerides at 5 or 10
mol% in POPC small vesicles reportedly slowed GLTP
transfer at low ionic strength (47). Restoration, but not
stimulation, of GalCer transfer rates was observed at physi-
ological ionic strength compared with POPC vesicles lack-
ing negatively-charged phosphoglycerides.

POPE and POPA synergistically promote GLTP-mediated
removal of B15-GalCer, but not B15-PC, from POPC
monolayers

Biomembranes such as the plasma membrane have
complex lipid compositions with different lipids distrib-
uted asymmetrically in each half of the bilayer. PC and
sphingomyelin dominate the exterior-facing leaflet while
PE and negatively-charged phosphoglycerides are highly
enriched in the cytosol-facing leaflet (48). Because GLTP
resides in the cell cytosol (5), we hypothesized that lipid
compositions such as those in the cytosol-facing leaflet
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Fig. 5. Effect of initial monolayer surface pressure and BODIPY-
glycolipid surface density in PC or PE matrix on glycolipid uptake
rate by GLTP. A: Uptake rates of B15-GalCer (1 mol%) by GLTP
(0.6 pM) from either POPE or POPC monolayers poised at differ-
ent initial surface pressures. GLTP uptake of B15-GalCer is ~7-fold
faster from POPE than from POPC monolayers at 24 mN/m. B:
B15-GalCer surface densities in POPE and POPC monolayers and
removal rates by GLTP. For each lipid matrix, higher surface den-
sity of glycolipid slows its removal rate, but much faster removal
occurs from POPE than POPC at similar glycolipid surface densi-
ties. Data for (A) and (B) were derived from the symbol-delineated
regions of Fig. 4C and D, respectively. Additional data showing the
surface pressure versus molecular area isotherms used to calculate
lipid surface densities of POPC and POPE matrices and the impact
of POPC and POPE surface density on the B15-GalCer uptake rate
by GLTP are provided in supplementary Fig. II.

of the plasma membrane might enhance GLTP uptake of
glycolipid compared with simple PC bilayer matrices or
PC/sphingomyelin bilayers. We assessed whether PE and
PA can promote GLTP action when embedded in POPC
monolayers. Figure 7A shows that including 15 mol%
POPE in POPC monolayers poised at high surface pres-
sures (~30 mN/m) only marginally stimulated removal of
B15-GalCer, but not B15-PC, by GLTP (3.0 pM). In con-
trast, inclusion of only 5 mol% POPA in POPC monolayers
moderately stimulated removal of B15-GalCer, but not
B15-PC, by GLTP following an ~4 min time lag (Fig. 7B).
Notably, however, when POPE (15 mol%) and POPA (5
mol%) both were mixed with POPC, the removal of B15-
GalCer, but not B15-PC, by GLTP dramatically increased
(Fig. 7C) and the time lag prior to onset of B15-GalCer
departure decreased nearly 10-fold (~30s).

In earlier monolayer studies involving GLTP, surface
pressure change was used to detect GLTP adsorption and/
or glycolipid removal (22). While a drop in surface pres-
sure occurred with GalCer films at 36 mN/m, no change
was observed with dipalmitoylphosphatidylcholine mono-
layers. POPC and sphingomyelin, which also have phos-
phocholine headgroups, did not support glycolipid uptake
by GLTP. By investigating other physiologically-relevant
fluid-phase phosphoglycerides, we have identified POPE and
POPA as positive stimulators of GLTP uptake of glycolipids
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Fig. 6. Negatively-charged matrix lipids stimulate removal of
B15-GalCer by GLTP. A: Surface pressure as a function of time for
POPA or POPS monolayers, poised at 30 mN,/m and containing
1 mol% B15-GalCer prior to and after introduction of GLTP
(3.0 pM) into the flowing subphase. B: Fluorescence changes as a
function of time for POPA or POPS monolayers, under the same
conditions as (A) showing the removal of B15-GalCer by GLTP.

from planar monolayer matrices under lipid-packing
conditions that mimic biomembranes. It is noteworthy
that the stimulatory effect for POPA occurs at physiolog-
ical ionic strength. This finding was unexpected because
the presence of negatively-charged phosphoglycerides
(5 and 10 mol%) in POPC donor vesicles previously had
been shown to decrease glycolipid intervesicular trans-
fer at low ionic strength while having minimal effect at
physiological ionic strength (47). Moreover, enhanced
partitioning of GLTP to donor POPC vesicles containing
negatively-charged phosphoglycerides appeared to be re-
sponsible for the slowdown in glycolipid transfer (18).
Fluid-phase PE, a zwitterionic lipid, had not been investi-
gated in earlier studies involving GLTP. We suspect that
the earlier use of small highly-curved vesicles masked some
of the subtle packing features that exist in planar matrix
environments containing PA or PC/PA mixtures, as ap-
pears to be the case for sterol (49).

From the molecular standpoint, PA, PS, and PE display
similar cone-like molecular shapes that originate from the
relatively small cross-sectional areas of their polar head-
groups compared with their nonpolar acyl chain regions.
This feature enables pure PE, PS, and PA to form inverted
hexagonal II phase in excess water (50-54). The origins of
the reduced headgroup size (relative to PC) can be traced
to lower hydration and the ability to participate in inter-
molecular hydrogen bonding. It is noteworthy that small
amounts of PA enhance the tendency of PE to form in-
verted hexagonal II phase (55). By contrast, the larger
well-hydrated headgroup of PC imparts a cylindrical mo-
lecular shape that results in bilayer formation in excess
water. In a POPC matrix, the molecular lateral stress pro-
file (from “head to toe”) is less severe than in PE or PA
matrices where the diglyceride regions limit close packing
and leave more free area for the smaller and less hydrated
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Fig. 7. POPE and POPA synergistically enhance B15-GalCer re-
moval by GLTP from POPC monolayers. Changes in fluorescence
intensity of B15-GalCer or B15-PC induced by GLTP (3.0 pM) flow-
ing beneath POPC monolayers (~32 mN/m) and containing:
15 mol% POPE (A); 5 mol% POPA (B); or both 15 mol% POPE
and 5 mol% POPA (C). B15-PC served as control lipid.

headgroups (56). The diminished headgroup packing
density appears to facilitate GLTP adsorption and improve
access to the glycolipid headgroup. By contrast, with a PC
matrix, the larger highly-hydrated and orthogonally-tilted
headgroups pack more closely, and thus can exert a shield-
ing “umbrella-like” effect over the smaller less hydrated
GalCer (1 mol%). Such effects are expected to impede in-
teraction by GLTP which binds glycolipids monovalently
and shows very limited ability to penetrate into and per-
turb POPC vesicles during transient interaction (18). As
noted earlier, despite the increased holding capacity of
multivalent lectin, neoglycolipid embedded in planar PC
films needs a spacer linker to improve its sugar headgroup
accessibility and overcome the PC headgroup inhibitory
effect (40). Also, antibody binding to sulfated GalCer (sul-
fatide) in PC/cholesterol liposomes reportedly is regu-
lated by changes in hydrocarbon chain lengths of either
the PC matrix or sulfated GalCer (sulfatide) ligand (57).
However, the presence of other serum proteins and large
amounts of cholesterol could impact the lateral distribu-
tion of the glycolipid and complicate this study.

Within a planar PC matrix, the lateral pressure profile
of incorporated PE manifests itself as curvature-stress “frus-
tration” (56, 58) which can be exacerbated by PA (55).
While membrane partitioning enhancement of other pe-
ripheral amphitropic proteins by PE is known (59-61),
what is noteworthy about the stimulation of the GLTP fold
is the marked synergistic effect that only 5 mol% PA has



on surfaces comprised of 15% POPE and 80% POPC. Be-
cause the GLTP sugar headgroup recognition center is
surrounded by a membrane interaction region rich in
Trp/Tyr, nonpolar (Val, Leu, Ile), and cationic (Lys, Arg)
residues (12, 13), a “small-headgroup” negatively-charged
lipid that can undergo hydrogen bonding (e.g., PA) might
facilitate the cleft-like gating action involved in glycolipid
uptake by GLTP or local conformational changes needed
for the GLTP-glycolipid complex to dissociate from the
matrix surface, especially in combination with PE (54). In-
deed, a recent study of duramycin interaction with POPE
monolayers shows that the peptide strongly alters the hy-
drogen bonding and hydration status of the POPE (62).
An additional way that POPE could enhance GLTP uptake
of glycolipids is by acting as a lateral dispersant of glycolip-
ids. Quinn recently showed that saturated-chain PEs are
immiscible with glucosylceramide, but that POPE and glu-
cosylceramide form stable complexes above physiological
temperature (36, 63).

Prior to the present study, the only membrane feature
shown to markedly enhance glycolipid uptake by GLTP
was high positive curvature stress in PC bilayers (18, 21, 22,
64). Findings such as these led to questions about whether
cell membrane interaction sites need to be highly curved
to be viable interaction sites for GLTP. Our findings show
that bilayer curvature per se is not the only membrane
parameter able to stimulate GLTP interaction with a fluid-
phase lipid matrix. Dramatic (~7-fold) stimulation of
GLTP action can be induced from planar fluid-phase PC
matrices that contain physiologically-relevant levels of
PE (15 mol%) and PA (5 mol%). Thus, lipid headgroup
chemical composition and the environment produced
when different lipids mix can be equally important induc-
ers of GLTP action. It is tempting to speculate that meta-
bolicadjustmentofthelipid compositionin cytosol-exposed
membrane surfaces could provide a new mechanism for
regulating GLTP.

Our discoveries were made using a custom-built micro-
fluidics-based surface balance that simultaneously mea-
sures surface pressure and fluorescence via a Wilhelmy
nichrome wire and a laser-coupled fiber optic cable/diode
array platform. This device enables lipid packing to be sys-
tematically controlled so as to reproduce conditions found
in either nonstressed bilayers or high-curvature vesicles
comprised of different lipids, an area of timely interest
(65). The surface fluorescence detection capability en-
ables GLTP uptake of BODIPY-labeled glycolipid from
monolayers composed of different matrix lipids to be di-
rectly assessed while controlling the initial lateral packing
state over subphase volumes of ~3 ul, which is 6,000-fold
lower than the subphase volume of the extra small KSV-
NIMA Langmuir Trough. Compared with surface plasmon
resonance approaches that rely on lipid adsorption to
a solid surface, an advantage of our microfluidics-based
monolayer system is control of the lipid packing state over
a range that includes biomembrane-like conditions. Chal-
lenges associated with studies of peripheral amphitropic
protein interactions with lipid membranes using surface
plasmon resonance are well documented. For instance,

uncertainties can emerge as to whether injected liposomes
have formed a continuous bilayer on the surface of the
chip or whether intact liposomes have been captured (66).
Control of such issues usually requires specialized surface
coatings. With the microfluidics-based surface balance
platform, rapid and economical regeneration is achieved
by simply replacing monolayers with fresh lipid, thus avoid-
ing “fouling” artifacts that sometimes are a problem with
commercial solid surface supports after multiple uses. il

The authors thank Helen M. Pike for purifying the recombinant
human GLTP.
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