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ABSTRACT: The influence of membrane lipid environment on the activity of GPI-anchored enzymes was
investigated with human placental alkaline phosphatase reconstituted by a detergent-dialysis technique in
liposomes composed of palmitoyloleoylphosphatidylcholine, alone or in mixture with lipids enriched along
with the protein within lipid rafts: cholesterol, sphingomyelin, and GM1 ganglioside. The highest Vi«
was recorded for a phosphatidylcholine/10% GM1 mixture (143 £ 5 nmol of substrate hydrolyzed per
minute per microgram of protein), while the lowest for a phosphatidylcholine/30% cholesterol mixture
and for raft-mimicking 1:1:1 phosphatidylcholine/sphingolipid/cholesterol liposomes (M:M:M) (57 £ 3
and 52 + 3, respectively). No significant differences in Ky, were detected. The protein segregation, assessed
using the chemical cross-linker bis(sulfosuccinimidyl)suberate, increased with the protein:lipid ratio, within
the 1:1200—1:4800 protein:lipid molar ratio range, but did not affect enzyme activity. The activity decreased
when the order of the lipid bilayers was increased, higher for those containing cholesterol, as judged by
steady-state fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene. Finally, the GPI—enzyme activity
was affected by membrane curvature. This result was suggested by a strong inverse correlation (Pearson’s
correlation coefficient = 0.91; p < 0.0001) between activity and liposome diameter, measured by laser
light scattering and ranging between 59 £ 6 nm for a phosphatidylcholine/10% GM1 mixture (displaying
the highest activity) and 188 =+ 25 nm for a phosphatidylcholine/30% cholesterol mixture and 185 =+ 23
nm for raft-mimicking liposomes (displaying the lowest activities). The activity—membrane curvature
relationship was further confirmed by comparing the activity of proteoliposomes having different sizes
but identical lipid compositions. These data open the possibility that the activity of GPI-anchored enzymes
may be modulated by membrane microenvironment features, in particular by membrane curvature and
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cholesterol-enriched ordered microenvironments, such as those of lipid rafts.

Glycosylphosphatidylinositol (GPI)! anchor is a mode of
membrane attachment for more than 200 eukaryotic cell-
surface proteins (/). They are functionally diverse, ranging
from adhesion molecules and surface antigens to receptors
and hydrolytic enzymes (2), and are involved in different
biological functions, especially in signal transduction and
in the recognition process (3).

The detailed molecular structure of GPI anchors was
determined for several proteins; they conserve a basic core
covalently attached to the C-termini, consisting of a glycan
moiety bound to phosphatidylinositol with two acyl chains
embedded into the plasma membrane. Despite the extensive
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structural information available for the GPI moiety, the
functional significance of this ubiquitous membrane anchor-
age, which is conserved from yeast to humans, is less
understood. Especially in mammalian cells, the GPI moiety
is thought to be more than just a membrane anchor and has
been implicated in a variety of transmembrane and intra-
cellular signaling, apical sorting, and cell—cell interaction
events (4-0).

Several lines of evidence suggest that GPI-anchored
proteins associate with putative cholesterol- and (glyco)sph-
ingolipid-enriched platforms called “rafts” (4—9) and that
such association is required for expression of their biological
function (8). In the case of GPI-anchored enzymes, how the
membrane microenvironment in which they are embedded may
influence their activity is poorly understood. Therefore, we
decided to approach this problem using, as the model system,
liposomes embedding the GPI-anchored protein mammalian
placental alkaline phosphatase (PLAP, EC 3.1.3.1).

MATERIALS AND METHODS

Chemicals. Palmitoyloleoylphosphatidylcholine (POPC),
monosialoganglioside GM1 (GM1), and cholesterol (Chol)
were from Avanti Polar Lipids (Alabaster, AL). Partially pure
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human placental tissue extract, n-octyl 3-pD-glucoside (Oct-
Glc), p-nitrophenyl phosphate (pNPP), p-nitrophenol, sph-
ingomyelin (SM), Triton X-114, phosphatidylinositol-specific
phospholipase C (PI-PLC) from Bacillus cereus, bis(sulfo-
succinimidyl)suberate (BS?), Sephacryl 200 HR, bovine
serum albumin, and the EZ-Blue staining kit were all from
Sigma-Aldrich (Milano, Italy). 1,6-Diphenyl-1,3,5-hexatriene
(DPH) was from Invitrogen (Carlsbad, CA). Reagents and
gels for SDS—PAGE were purchased from Sigma-Aldrich
and NuPAGE 1.5 mm, 4—12% gels from Invitrogen. All
other chemicals were reagent grade.

Purification of Placental Alkaline Phosphatase (PLAP).
PLAP was purified from a human placental tissue extract
according to the method of Brown (/0) with small modifica-
tions. For this purpose, 10 mg (as protein) of extract was
dissolved in 2 mL of 1% (v/v) Triton X-114 in 10 mM Tris-
HCI (pH 7.4) containing 150 mM NaCl, at 4 °C. The sample
was vortexed and submitted to phase separation by incubation
for 5 min at 30 °C, followed by centrifugation for 5 min at
300g at room temperature. After centrifugation, the lower
phase (detergent-enriched phase) was recovered and supple-
mented with 1 mL of 10 mM Tris-HCI and 150 mM NaCl
(pH 7.4). The phase separation step was repeated twice. The
detergent phases were pooled and added with 20 mM OctGlc
in phosphate-buffered saline (PBS) to obtain a final volume
of 1.0 mL and then loaded on a Sephacryl 200 HR column
(20 cm x 1.5 cm), pre-equilibrated and eluted with a PBS/
OctGlc mixture. Protein elution was assessed by an enzy-
matic activity assay as described below. The protein purity
of the fractions was assayed by SDS—PAGE according to
the method of Laemmli (/7), followed by Coomassie blue
staining.

Enzyme Activity Assay and Kinetics. PLAP activity was
assayed at 37 °C using 5 mM p-nitrophenyl phosphate
(pNPP) as the substrate, in 25 mM glycine buffer (pH 10).
The reaction was stopped by addition of 3 volumes of 1 M
NaOH to the incubation mixture (/2). The absorbance was
measured spectrophotometrically at 420 nm. The amount of
hydrolyzed substrate was assessed on the basis of a standard
curve prepared with p-nitrophenol. PLAP kinetic parameters
were determined by assaying the enzyme activity at substrate
concentrations in the range of 0.05—5 mM. Michaelis—Menten
constant (Ky,,) and the maximum velocity (Vi) values were
determined from the double-reciprocal plot of 1/V versus
1/[S] according to the Lineweaver—Burk model (/3) by
linear regression and calculated with respect to the amount
of outer-membrane-facing enzyme (see below).

Liposome and Proteoliposome Preparation. Liposomes
and PLAP-embedding liposomes (proteoliposomes) were
prepared by dialysis following the procedure described by
Angrand et al. (/4) with minor modifications. Liposomes
were constituted by a matrix of POPC, alone or in binary,
ternary, or quaternary mixtures with SM, GM1, or Chol, each
present as a 10% molar proportion. Binary mixtures of POPC
with SM and Chol were studied up to a molar proportion of
30%. Moreover, sphingolipid—cholesterol-rich liposomes
(SCRL) composed of POPC, sphingolipids, and cholesterol
(1:1:1, M:M:M) were utilized as a lipid raft-mimicking
system, according to previous suggestions (15, 16).

Briefly, lipids (0.857 umol) were mixed in the prefixed
proportion in a 2:1 (v:v) chloroform/methanol mixture.
Solvents were evaporated with a gentle stream of nitrogen
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followed by a vacuum pump for 3 h. The lipid film was then
resuspended in 1.0 mL of a PBS/OctGlc mixture forming a
lipid/detergent solution, then vortexed, and dialyzed (mo-
lecular mass cutoff of 12—14 kDa) for 24 h at a temperature
above the T1,, determined by differential scanning calorimetry.

To obtain proteoliposomes, 20 ug of purified protein was
added to the lipid/detergent solution and then dialyzed as
described above. To study the influence of the protein:lipid
molar ratio on enzyme activity, proteoliposomes were
prepared at different protein:lipid molar ratios varying from
1:1000 to 1:5000 total lipids (corresponding to a protein:
lipid ratio of ~1:100 to 1:500 raft lipids) depending on the
mixture. Unless otherwise specified, in most cases the protein
was added to the lipid/detergent solution at a 1:3000 protein:
lipid molar ratio.

In addition, to investigate the influence of bilayer curvature
on enzyme activity, proteoliposomes of different diameters
(100, 200, and 400 nm) composed of POPC were prepared.
For this purpose, POPC multilamellar vesicles, prepared by
resuspending a POPC lipid film in 1.0 mL of PBS obtained
as described above, were extruded 10 times through poly-
carbonate filters (Millipore Corp., Bedford, MA) with pores
100, 200, and 400 nm in diameter using an extruder (Lipex
Biomembranes, Vancouver, BC), as described previously
(17). To obtain proteoliposomes, the technique described by
Ronzon et al. (/8) was utilized, consisting of the incubation
of preformed liposomes with OctGlc, under conditions just
destabilizing the lipid bilayer to promote protein insertion,
followed by addition of enzyme and detergent removal.

The final lipid:protein molar ratio was assessed for each
experiment as described below.

Purification and Characterization of Proteoliposomes.
Proteoliposomes were separated from nonassociated PLAP
by flotation on a discontinuous sucrose density gradient. For
this purpose, samples (450 uL) of proteoliposomes, obtained
as described above, were mixed with 1350 uL of 80%
sucrose in PBS. Onto this suspension were layered 1350 uL
of 50% sucrose in PBS and 1350 uL of PBS. The sample
was centrifuged at 140000g for 2 h at 4 °C with a Beckman
SW 40 TI rotor. Ten fractions of 450 4L each were collected
from the top of the gradient and analyzed for lipid and protein
content. The fractions containing both lipids and activity were
taken to be the fractions containing proteoliposomes. Integra-
tion of PLAP in the membrane was assessed by spinning
the proteoliposomes in a sucrose gradient (same as before)
in the presence of 0.1 M Na,CO; (pH 11) (79).

The protein and lipid recovery was assessed by a lipid
and protein assay. For this purpose, phospholipids (POPC
and SM) were determined by a phosphorus assay using the
method of Bartlett (20). GM1 ganglioside content was
determined as lipid-bound sialic acid by the method of
Svennerholm (27), and cholesterol (Chol) content was
determined as described previously (22). The protein con-
centration was measured using the bicinconic acid (BCA)
kit, purchased from Bio-Rad (Hercules, CA); alternatively,
the samples were resolved by SDS—PAGE followed by
Comassie blue staining and densitometric analysis of PLAP
bands. In both cases, known amounts of bovine serum
albumin (BSA) were used as the standard. To determine the
amount of residual Triton X-114 in the final proteoliposome
preparations, total lipids were extracted from proteoliposomes
according to the method of Giglioni et al. (23). The total
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lipid extract was analyzed for the presence of Triton X-114
by measuring the OD at 275 nm and the detergent content
calculated on the basis of the OD of Triton X-114 standard
solutions.

To assess the distribution of PLAP in the two leaflets,
proteoliposomes were incubated with PI-PLC for 2 h at 37 °C
and a PLAP:PI-PLC activity ratio of 20 (U:U) and then spun
on a discontinuous sucrose gradient to separate liposomes from
detached PLAP (/4). The anchorless PLAP was recovered at
the bottom of the gradient and assayed by evaluation of enzyme
activity and protein content. The liposome fraction, floating in
the upper fractions of the gradient, was submitted to an activity
assay before and after liposome disruption by treatment with
1% Triton X-100 (by volume).

Alternatively, the amount of outer-facing enzyme was
measured on the basis of the accessibility to the substrate
pNPP using intact proteoliposomes and then the total amount
(outer- and inner-facing) of enzyme after liposome disruption
by treatment with 1% Triton X-100 (by volume) (/4). The
proportion of outside-oriented enzyme was calculated as the
ratio between the enzymatic activities measured before and
after addition of Triton X-100.

Laser Light Scattering of Liposomes. The determination
of the liposome size distribution was performed by the
dynamic light scattering (DLS) method using a Brookhaven
90Plus system (Brookhaven Instruments Corp.). The tech-
nique measures Brownian motion of colloidal particles and
relates this motion to their size. The liposomes are il-
luminated by a laser, and the light-scattered fluctuations
arising from their Brownian motion are recorded. By studying
the autocorrelation of the light intensity fluctuations, we
obtain a mean size of liposomes. All the measurements were
performed at room temperature by using a solid-state 652
nm laser, and the scattered light was detected at 90° with
respect to the incidental beam.

Chemical Cross-Linking Analysis of PLAP. The protein
cross-linking protocol described by Friedrichson (24) was
utilized. Briefly, the cross-linking reaction was performed
by incubation of proteoliposomes with 0.5 mM (final) BS?
for 45 min at 4 °C. Unreacted cross-linker was quenched
with 50 mM glycine for 15 min at 4 °C. Samples were
resolved on a 4 to 12% SDS—PAGE gel followed by EZ-
Blue staining, and bands were quantified by densitometric
scanning (GS-710 calibrated imaging densitometer, Bio-Rad).
The protein aggregation was expressed as the ratio between
the OD of digitized bands corresponding to the cross-linked
and non-cross-linked protein.

Diphenyl-1,3,5-hexatriene (DPH) Fluorescence Anisotropy
Experiments. To measure DPH fluorescence polarization, 2
uL of a 10 mM solution of the probe in tetrahydrofuran were
added under stirring to liposomes to obtain a final DPH:
phosphorus molar ratio of 1:200. After incubation for 45 min
at 37 °C in the dark under gentle stirring, DPH fluorescence
was measured on a Cary Eclipse spectrofluorimeter (Varian)
equipped with Glan-Thompson polarization filters. The
fluorescence of samples without DPH was found to be
negligible. Polarization values were always corrected for
turbidity-dependent polarization, although, in most cases,
these corrections amounted to less than 2% of the total
polarization values.

Polarization (P) was calculated with the equation P = (Iyy
— Iyn)/(Iyv + 2lvy), where [ is emission intensity and the
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FIGURE 1: Illustration of the purification procedure of human
placental alkaline phosphatase. (A) A commercial human placental
extract was suspended in 1% Triton X-114, and after the mixture
had been warmed at 30 °C, an aqueous phase (AP) and a detergent-
enriched phase (DP) were obtained. Aliquots were submitted to
SDS—PAGE followed by Coomassie blue staining. (B) The
detergent-enriched phase was loaded on a Sephacryl 200 HR column
and the enzyme elution followed by an enzymatic assay () using
p-nitrophenyl phosphate as a substrate, while the elution of Triton
X-114 was followed by the OD at 275 nm (@). (C) Coomassie
Blue staining of the SDS—PAGE gel carried out on fractions 17—24
eluted from the column.

subscripts refer to the orientation (V for vertical and H for
horizontal) of polarization filters in the excitation and
emission beams, respectively. Polarization was measured
successively at 37, 24, and 15 °C until shortly before the
fluorescence was read in a sample chamber adjusted to the
same temperature (10).

Determination of the Protein Concentration. The protein
concentration was measured with the bicinconic acid (BCA)
kit, purchased from Bio-Rad (Hercules, CA), and by den-
sitometric analysis of PLAP resolved by SDS—PAGE after
Coomassie blue staining. In both cases, known amounts of
BSA were used as the standard.

Statistical Analysis. The differences were evaluated for
statistical significance using a Student’s #-test, and a p value
of <0.05 was considered to be significant. The relation
among liposome diameter versus enzyme activity, DPH
polarization versus enzyme activity, and DPH polarization
versus liposome diameter was evaluated by assessing Pear-
son’s correlation coefficient () and performing a linear
regression test. GraphPad Prism 5 was used for statistical
analysis.

RESULTS

Purification of PLAP. The commercial enzyme preparation
was first submitted to phase separation using Triton X-114.
The partitioning of proteins in the detergent-enriched phase
with respect to proteins present in the aqueous phase is shown
in Figure 1. The detergent phase was then submitted to gel
filtration column chromatography to remove Triton X-114.
The fractions displaying the presence of the enzyme, which
eluted from the column before the elution of Triton X-114
(Figure 1), were pooled and used for the preparation of
proteoliposomes. The purity of PLAP after the gel filtration
step was >97%, as assessed by SDS—PAGE followed by
Coomassie blue staining.

Preparation and Purification of Liposomes and Proteo-
liposomes. When PLAP was submitted to the dialysis
procedure and ultracentrifugation in the absence of lipids, it
was recovered at the bottom of the gradient. Lipids, submitted
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to the dialysis procedure in the absence of PLAP, were
recovered within the upper part of the gradient (usually
fraction 3, data not shown). PLAP-embedding liposomes
(proteoliposomes) were prepared by dialysis of dispersions
of lipids and PLAP with OctGlu and submitted to purification
by centrifugation in a discontinuous sucrose gradient. The
fractions containing both lipids and protein were taken as
the fractions containing purified proteoliposomes. Among
these, the fraction having the highest activity (usually fraction
3, collected from the top of the gradient) was used. A
demonstration that the protein was tightly integrated into the
lipid bilayer was provided by control experiments, in which
liposomes were prepared in the absence of the protein and
then PLAP was added. After incubation at 37 °C for 10 min,
the mixture was submitted to discontinuous sucrose gradient
centrifugation: lipids were recovered in fraction 3 and PLAP
was recovered at the bottom of the gradient (data not shown).
A further demonstration that the protein was tightly integrated
was shown by the resistance to treatment with Na,CO3 and
subsequent flotation on a sucrose gradient (data not shown).
The total lipid recovery ranged from 70 to 90% after dialysis;
the lipids in mixtures were recovered with equal efficiency.
Protein recovery was in the same range as that of lipids.
The final (after sucrose gradient) recovery and lipid:protein
molar ratio were assessed for each experiment. The Triton
X-114 content in proteoliposomes was less than 1 molecule
of detergent per 8000 molecules of lipids.

PLAP Transbilayer Distribution. The distribution of the
enzyme between the two leaflets of the membrane was
calculated on the basis of PI-PLC release experiments. The
proportion of PLAP released by PI-PLC (outside-oriented
enzyme) was varied from a minimum of 48% in the case of
a POPC/30% Chol liposomes to a maximum of 63% in the
case of a POPC/10% GM1 liposomes. These values were
confirmed by assaying enzymatic activity, before and after
treatment with Triton X-100 (data not shown).

Control experiments carried out with the purified enzyme
showed that the activity was not affected by the presence of
the detergent.

The proportion of outside-oriented PLAP was taken into
account in the calculation of enzyme specific activity.

Influence of Protein:Lipid Molar Ratio on PLAP Activity.
Proteoliposomes of a given lipid composition were prepared
at different protein:lipid molar ratios. For each preparation,
the final molar ratio, the extent of aggregation [judged on
the basis of cross-linking by bis(sulfosuccinimidyl)suberate
(BS?)], and the enzyme activity were assessed. For a given
lipid composition, the enzyme aggregation varied together
with the protein:lipid molar ratio (~1:1000 to 1:5000, final)
but did not affect the enzyme activity that was always
comparable (data not shown), at least within the ratios that
were tested. An example of the cross-linking technique is
shown in Figure 2 for POPC/10% Chol proteoliposomes.

Effect of Liposome Composition on PLAP Kinetics. To
evaluate the effect of lipid environment, the enzyme kinetics
was studied on proteoliposomes with different lipid composi-
tions at a final protein:lipid molar ratio of ~1:3000, and the
results are reported in Figure 3. The enzyme exhibited
comparable values of K, in a manner independent of
liposome composition. On the other hand, different V.«
values were observed when the liposome composition was
changed, with lower values displayed by all the mixtures
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FIGURE 2: Activity and aggregation state of placental alkaline
phosphatase, reconstituted in liposomes at different lipid:protein
ratios. Illustration of the procedure utilized to assess the aggregation.
Purified alkaline phosphatase was reconstituted at different protein:
lipid molar ratios into liposomes composed of palmitoyloleoyl-
glycero-3-phosphocholine (POPC) in a mixture with cholesterol
(10% molar), and activity was assayed using the substrate p-
nitrophenyl phosphate, as described in the text. (A) Liposomes were
incubated with 0.5 mM bis(sulfosuccinimidyl)suberate (BS?) for
45 min at 4 °C. After SDS—PAGE had been carried out, the gel
was submitted to EZ-Blue staining. The arrows indicate the
monomer (lower) and cross-linked form (upper). (B) Plot of enzyme
activity (@) and protein aggregation (A) of alkaline phosphatase at
different protein:lipid ratios. Alkaline phosphatase was reconstituted
at protein:lipid molar ratios of 1:1000, 1:3000, 1:4000, and 1:5000
(initial). The values reported are the final ratios after reconstitution.
Protein aggregation is expressed as the ratio between the OD of
digitized bands corresponding to the cross-linked and non-cross-
linked protein in the SDS—PAGE gel of panel A.

containing cholesterol (Figure 3). In particular, the lowest
(52 £ 3 nmol of p-nitrophenyl phosphate hydrolyzed per
minute per microgram of protein) value was displayed by
SCRLs. The comparison among binary mixtures of POPC
mixed with SM or Chol with a molar concentration of up to
30% showed that the sterol exerts an inhibitory effect, while
the sphingolipid scarcely influences enzyme activity (Figure
30).

Liposome Size. The diameter of liposomes was measured
by light scattering. Liposomes were discrete, almost mono-
disperse, populations of different sizes. Their values are listed
in Table 1. The smallest liposomes were POPC/10% GM1
liposomes (59 £ 6 nm), while the largest were SCRL and
POPC/30% Chol liposomes (185 4 23 and 188 £ 25 nm,
respectively). For each lipid mixture, the Vp,x value was
plotted against the corresponding diameter (Figure 4): a
strong relationship between the two variables was observed
(p < 0.0001; correlation coefficient = 0.91).

In addition, the enzyme activity was evaluated on proteo-
liposomes having an identical composition (POPC) but a
different size, obtained by insertion of the enzyme into
vesicles obtained by extrusion through filters with pores with
different diameters (100, 200, or 400 nm). The results (inset
of Figure 4) show that the activity decreases with an increase
in the proteoliposome diameter.

DPH Fluorescence Anisotropy. The values of DPH
fluorescence polarization are reported in Figure 5 and show
a maximum in the case of the SCRL. The plot of enzyme
activity versus polarization shows a strong correlation. The
data can be divided into two groups: one gathering samples
with higher polarization and lower activity and sharing a
common presence of cholesterol and a second group gather-
ing samples displaying lower polarization and higher activity
and sharing a common absence of cholesterol.

A weak correlation was observed between liposome diameter
and DPH fluorescence polarization (data not shown).
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FIGURE 3: Kinetics of placental alkaline phosphatase reconstituted in
liposomes. Purified alkaline phosphatase was reconstituted in proteo-
liposomes composed of palmitoyloleoylglycero-3-phosphocholine
(POPC), alone or in a mixture with other lipids. The activity was
assayed using p-nitrophenyl phosphate, at different concentrations, as
the substrate (see the text for details). (A) V.x values calculated from
the double-reciprocal 1/V vs 1/[S] plot, according to the Lineweaver—
Burk method on proteoliposomes. Each of the lipids added to POPC
represented 10% of the total molar mixture, with the exception of SCRLs
that were composed of POPC, 34% Chol, 16% SM, and 16% GM1. Error
bars are the standard deviation (n = 5). The correlation constants (c) were
between 0.999 and 0.994. Differences in Vi between samples are
statistically significant (p < 0.05) with the exception of POPC, which was
not statistically different from POPC/10% SM/10% GM1 and POPC/
10% SM liposomes; and POPC/10% Chol/10% GM1 liposomes, which
were not statistically different from POPC/10% SM/10% Chol and POPC/
10% SM/10% Chol/10% GM1 liposomes. (B) K, values calculated from
the double-reciprocal 1/V vs 1/[S] plot, according to Lineweaver—
Burk analysis. Error bars are the standard deviation (n = 5). Differ-
ences in K, between any couple of samples are not statistically
significant. (C) Vi values calculated from the double-reciprocal
1/V vs 1/[S] plot, according to Lineweaver—Burk analysis, on binary
proteoliposomes composed of POPC and different molar proportions
(striped bar, 10%; white bar, 20%; dotted bar, 30%) of SM or Chol.
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Table 1: Diameter (nanometers) of Liposomes Used in This
Investigation, As Assessed by a Laser Light Scattering Technique

diameter 4 standard deviation

sample acronym in the text (nm)
POPC 69 + 7
POPC/10% SM 100 £ 10
POPC/30% SM 91+9
POPC/10% Chol 148 £ 15
POPC/30% Chol 188 £ 25
POPC/10% GM1 59+6
POPC/10% SM/10% Chol 137 £ 14
POPC/10% Chol/10% GM1 86+9
POPC/10% SM/10% GM1 64 £6
POPC/10% SM/10% Chol/10% GM1 T3+£7
POPC/16% SM/16% GM1/34% Chol 185 £ 23
(SCRL)
DISCUSSION

GPI-anchored proteins are commonly found enriched
within detergent-resistant membranes (DRMs), isolated from
cells, and considered the experimental evidence of the
existence of membrane lipid rafts (4-8, 25-27). Among the
possible functional consequences, it has been suggested that
apical sorting and transmembrane signaling occur by interac-
tion of the GPI anchor with rafts (8, 9). Furthermore, in the
context of their membrane trafficking pathways, GPI-
anchored proteins are found to be retained in the recycling
endocytic compartments longer than in other membrane
compartments, and this behavior has been shown to depend
on cellular levels of sphingolipid and cholesterol (28, 29).

Scant information is available concerning the influence of
lipids on the activity of GPI-anchored, and generally of raft-
associated, enzymes. Since several studies have demonstrated
that model membranes provide a valuable tool for elucidating
some of the raft properties (19, 30-32), in this investigation
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FIGURE 4: Relationship between activity of human placental alkaline
phosphatase reconstituted in liposomes and liposome size. Enzyme
activity of proteoliposomes composed of POPC (A) or POPC in a
mixture with 10% SM (O), 10% GM1 (<), 10% Chol (x), 10%
SM and 10% GM1 (O), 30% SM (V), 30% Chol (¥), 10% SM
and 10% Chol (®), 10% Chol and 10% GM1 (B), 10% SM, 10%
Chol, and 10% GM1 (@), or 34% Chol, 16% SM, and 16% GM1
(SCRL, a) was plotted against the corresponding liposome size
and submitted to statistical analysis (see the text for details). A
significant relationship between the two variables was observed (p
< 0.0001; correlation coefficient = 0.91). The inset shows the
enzyme activity of proteoliposomes of different sizes and composed
of POPC, obtained by the extrusion technique through filters with
pores 100, 200, or 400 nm in diameter (see the text for details).
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FIGURE 5: Fluorescence anisotropy of diphenylhexatriene in liposomes with different compositions. (A) Fluorescence polarization at
different temperatures of the fluorescent probe diphenylhexatriene (DPH) in liposomes composed of POPC alone or in a mixture with
other lipids. Values shown are from one representative experiment. (B) Fluorescence polarization of the fluorescent probe
diphenylhexatriene in liposomes with different lipid compositions at 37 °C. Each of the lipids added to POPC represented 10% of the
total molar mixture, with the exception of SCRLs that were composed of POPC, 34% Chol, 16% SM, and 16% GM1. (C) Relationship
between the activity of placental alkaline phosphatase reconstituted in proteoliposomes and fluorescence polarization of diphenyl-
hexatriene. Purified alkaline phosphatase was reconstituted into liposomes composed of POPC alone or mixed with other lipids. For
each lipid composition, the value of V,,x was plotted against the corresponding fluorescence polarization of diphenylhexatriene em-
bedded in vesicles and submitted to statistical analysis (see the text for details). A significant relationship between the two variables
was observed (p < 0.05; correlation coefficient = 0.78). Error bars are the standard deviation (n = 4). POPC (A) and POPC in a
mixture with 10% SM (O), 10% GM1 (<), 10% Chol (x), 10% SM and 10% GM1 (O), 30% SM (V), 30% Chol (¥), 10% SM and
10% Chol (®), 10% Chol and 10% GM1 (B), 10% SM, 10% Chol, and 10% GM1 (@), or 34% Chol, 16% SM, and 16% GM1
(SCRL, A).

we utilize a model membrane system based on proteolipo- Successively, the possibility that the aggregation state of
somes, in which the GPI-anchored protein human placental the protein may affect its activity (36) was ruled out by the
alkaline phosphatase (PLAP) has been functionally recon- observation that proteoliposomes having the same lipid
stituted and its kinetic properties have been correlated with composition, but different PLAP:lipid molar ratios and
the physicochemical features of the membrane. different extents of aggregation of the protein, display
POPC was chosen as the constituent of the bulk lipid comparable enzyme activity.
matrix, because it is abundant in eukaryotic cells (33) and it Then, we took into account the possibility that the
ishomogeneously distributed among cellular membranes (34, 35). curvature of the membrane may affect its activity: a strong
Binary, ternary, and quaternary mixtures of POPC with significant inverse correlation with liposome size suggests
sphingomyelin, ganglioside GM1, and cholesterol, i.e., lipids that enzyme activity is negatively affected by larger curvature
typically enriched within DRMs, were tested. Moreover, radii of the bilayer. However, since the observed changes in
sphingolipid—cholesterol-rich liposomes (SCRL) were uti- vesicle size follow changes in the cholesterol content of the
lized as a lipid raft-mimicking system, according to previous membrane, it is not possible to establish if curvature is the
suggestions (15, 16). more important physical property underlying the results. A
The kinetic studies carried out on proteoliposomes show response to this ambiguity was suggested by the comparison
that Vi is influenced by the presence of raft lipids in the among proteoliposomes having different diameters but
POPC matrix and displays its lowest value when the enzyme identical lipid compositions, the activity of which decreases
is reconstituted in SCRL. The evaluation of POPC/sphin- with bilayers with larger curvature radii.
golipid and POPC/cholesterol binary mixtures suggests that It is worth stressing that the effect of membrane curvature
the sterol may be responsible for the inhibition, while on the activity of GPI-anchored enzymes is here reported
sphingolipids do not significantly affect the enzyme activity. for the first time, even though it is known that this feature
As a further confirmation of the inhibitory effect of the sterol, influences the activity of enzymes affecting the lipid bilayer
it is worth noting that the activity of proteoliposomes or temporarily adhering to the membrane, such as protein
containing cholesterol (binary, ternary, and quaternary) is kinase C (PKC) and phosphocholine cytidyl-transferase (CTP),

lower than those without sterol. as well as integral membrane protein segregation (37—41).



Membrane Lipids and Alkaline Phosphatase

Finally, we took into account the possibility that the
packing of the lipid bilayer where the enzyme is embedded
may affect its activity. For this purpose, we performed
experiments with steady-state fluorescence polarization,
which is correlated to the rotational diffusion rate of the
membrane-embedded probe, DPH; the samples containing
cholesterol, displaying a more ordered (rigid) environment
of the probe, also displayed lower activities.

Taken together, these results suggest that cholesterol-rich
bilayers exert a negative control on enzyme activity. Since either
cholesterol or GPI-anchored proteins are concentrated within
lipid rafts, the results suggest that these membrane compart-
ments may play an important role in the activity of PLAP.

This hypothesis is reinforced by previous results (36, 42, 43)
obtained with other DRM-associated enzymes, among which
is the virulence determinant GPI-anchored phospholipase B1
of the fungal pathogen Cryptococcus neoformans, the activity
of which was inhibited in the raft environment.

One could question how differences in lipid environment,
bilayer order, or curvature may affect the activity of a GPI-
anchored enzyme. With regard to the first point, it has been
suggested (/9, 27) that the lipid environment could place
conformational constraints on the GPI anchor and this, in
turn, on the PLAP active site. Alternatively, lipids within
the raft environment could impose the inhibition; it has been
shown previously that the protein component of PLAP lies
close to or is in direct contact with the lipid bilayer (44),
potentially allowing the membrane lipids to influence its
activity. With regard to the second point, it has been shown
that the catalytic properties of GPI-anchored enzymes are
influenced by the phase state and fluidity of the bilayer (45).
Finally, with regard to curvature, our speculation is that the
mutual spacing among the protein moieties of the enzyme,
anchored with the GPI moieties, is larger in liposomes with
greater curvature, facilitating the turnover of substrate
molecules at the catalytic site. Membrane curvatures com-
parable with those of the smaller liposomes herein utilized
may be encountered at the “neck” of caveolae where GPI-
anchored proteins may occasionally move (46—48).

However, it should be remarked that this study was carried
out on an artificial model system. Therefore, this is to be
taken as speculation that deserves further evaluation in a
cellular system.

Finally, it should be mentioned that a number of results
indicate that lipid rafts contain only a portion of GPI-
anchored proteins with respect to the rest of the membrane
bilayer (15, 25). Therefore, PLAP molecules inside or outside
these membrane compartments may express different activ-
ity; moreover, the affinity of PLAP for rafts or raft models
may change depending on changes in lipid—lipid and
lipid—protein interaction (/5). Finally, the composition of
DRMs in which PLAP is enriched is not certain, and it could
be localized within cholesterol-poor subsets of DRM as other
GPI-anchored proteins (44).

The challenge is now to increase the complexity of this
minimal model system and mimic more closely the cellular
context.
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