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Abstract. Membrane palmitoylated protein-1 (MPP1) plays an important role in the formation of
raft domains in erythroid membranes. We have shown recently that MPP1 interacts with membrane
lipids composed of dioleoylphosphatidylcholine (DOPC), sphingomyelin (SM) and cholesterol. Here
we further extend this investigation. Our results obtained from FRET assays revealed that MPP1
binds liposomes with high affinity (Kp ~ 135 + 15 nM). Preincubation of MPP1 with cholesterol
before its addition to the Langmuir subphase resulted in a dramatic reduction in the membrane
insertion/binding of MPP1, indicating the role of direct MPP1/cholesterol complexes in the in-
teraction of MPP1 with membrane lipids. The generalized polarization values of liposomes as well
as the constant surface area experiments on monolayers composed of DOPC/SM/Chol indicated
a change in the lipid mono- and bilayer properties upon the addition of MPP1. Furthermore, the
presence of flotillins did not affect the binding of MPP1 to membrane lipids. Also, MPP1 containing
palmitoylation-mimicking mutation (C242F) bound DOPC/SM/Chol mono- and bilayer with an
affinity very similar to that obtained for wild-type MPP1. In conclusion, our results suggest that the
direct binding of MPP1 with membrane lipids could be involved in the mechanism of membrane
association of MPP1 in erythroid cells.
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Introduction

The lateral association of membrane proteins in the plasma
membrane and the formation of functional domains (choles-
terol-rich “raft-like” domains) have emerged as key concepts
in cell biology (Khan et al. 2003). The formation and main-
tenance of such domains in the plasma membrane require
segregation of different types of protein and lipid membrane
components by a variety of specific lipid-lipid, lipid-protein
and protein-protein interactions (Gémez-Moéuton et al. 2001;
Seveau et al. 2001; Xu et al. 2003; Hancock 2006; Simons and
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Gerl 2010; Levental et al. 2011; Bernardino de la Serna et al.
2016; Carquin et al. 2016). There is a general consensus that
the major challenge in the formation of raft-like domains is to
understand the molecular mechanism of their action in an en-
dogenous cellular context. Lateral interactions of cholesterol
with membrane lipid rafts, in particular sphingolipids, are
believed to play a central role in maintaining these domains
in a liquid-ordered phase. Nevertheless, besides cholesterol
and sphingolipids, membrane rafts also contain other lipids
such as glycolipids and specific inner-layer phospholipids in
addition to many proteins.

The membrane interface is a complex region with both
lipid head groups and water molecules. Proteins may as-
sociate with the membrane rafts by direct interaction with
cholesterol molecules. Apart from the cholesterol-binding
property, the partitioning of proteins into membrane raft
domains may also involve other mechanisms such as pref-
erential interaction with particular raft lipids, i.e. acylation
with myristic or palmitic acids (Epand 2008), or may occur
indirectly as a consequence of interaction of the protein
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with scaffolding proteins, i.e. caveolin and flotillins (Head
etal. 2014).

One family of scaffolding proteins is the MAGUK group
(membrane-associated guanylate kinase homologs). This
family of proteins has been proposed to be crucial in segre-
gating specific molecules to specific domains in the plasma
membrane by formation of multi-complexes with other
proteins (Dimitratos et al. 1999). Membrane palmitoylated
protein 1 (MPP1), a member of the MAGUK family, has been
identified as a membrane skeleton protein in erythrocytes
by constituting a ternary complex with glycophorin C and
protein 4.1 (Hemming et al. 1995; Marfatia et al. 1997; Seo
et al. 2009). Published data have revealed that MPP1 plays
a fundamental role in the lateral membrane organization in
native erythroid cells (Biernatowska et al. 2013; Podkalicka
et al. 2015). Flotillins are predominantly found among
the protein components of erythrocyte membrane raft
domains, and are believed to play an important role in the
stabilization of lateral membrane organization (Salzer and
Prohaska 2001). Recently flotillin-1 and flotillin-2 have been
shown to be direct binding partners of MPP1 in erythrocyte
membranes (Biernatowska et al. 2017). Therefore, a possible
mechanism of the direct raft association of MPP1, apart from
the above-mentioned role of MPP1 in strengthening protein
4.1-glycophorin C binding, has been proposed (Sikorski et
al. 2015).

There has been extensive work on defining the composi-
tion of lipid mixtures that exhibit lipid lateral heterogene-
ity to imitate the phase separation of raft-like domains in
biological membranes. An example of such lipid mixtures is
one with equimolar amounts of dioleoylphosphatidylcholine
(DOPC), sphingomyelin (SM), and cholesterol (Chol). This
ternary lipid mixture has been widely studied by many tech-
niques for its ability to form two immiscible liquid domains
containing more ordered domains that consist mainly of SM/
Chol surrounded by domains in a more liquid state (Edidin
2003; Goni et al. 2008; Fritzsching et al. 2013; Maté et al.
2014; Efimova and Ostroumova 2017; Bhojoo et al. 2018;
Henry et al. 2018; Parkkila et al. 2018; Paulowski et al. 2018).
Significantly, we have recently shown that MPP1 interacts
with lipid mono- and bilayers in artificial systems composed
of this ternary lipid mixture (DOPC/SM/Chol) (Elderdfi
et al. 2017). Furthermore, this interaction was affected by
the presence of cholesterol in the lipid mixture (Elderdfi
et al. 2017), raising a vital question about the physiological
importance of such interactions.

The present study aimed, therefore, to further explore the
effect of cholesterol, lateral phase heterogeneity and flotil-
lins on binding properties of MPP1 with lipid mono- and
bilayers. We also tested the effect of this interaction on the
physical properties of mono- and bilayers. We present ex-
perimental evidence of a direct interaction between MPP1
and cholesterol molecules, observable as inhibition of the

binding of MPP1 with lipid monolayers after pre-incubation
of MPP1 with cholesterol. In addition, our results indicate
that the modifications in the lipid order upon addition of
MPP1 were sensitive to subtle changes in the phase state of
the lipid mixture. Our results suggest that the direct bind-
ing of MPP1 with membrane lipids could be involved in the
mechanism of membrane association of MPP1 in erythroid
cells and possibly participate in the molecular mechanism
of regulation of lateral membrane organization.

Materials and Methods

Recombinant proteins

Recombinant proteins, wild type MPP1 and C242F mutant
mimicking palmitoylated MPP1 (E-MPP1), flotillin-1 and
flotillin-2, were obtained by cloning the coding regions of
human MPPI, flotillin-1 and flotillin-2 into pRSET A as
previously described (Biernatowska et al. 2017; Elderdfi
et al. 2017). The C242F mutant mimicking palmitoylated
MPP1 (F-MPP1) was generated by Dr. Katarzyna Augoff.
The use of such a mutant was suggested elsewhere (Ruff et
al. 1991; Yang et al. 2010). The concentration of the proteins
was determined using an absorbance coefficient at 280 nm
calculated using the ExPASy ProtParam program (Wilkins
et al. 1999).

Lipids

Sphingomyelin (egg), 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-dipalmitoyl- sn-glycero-3-phosphocho-
line (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1,2-dioleoyl-sn-glycero-3-phosphoethan-
olamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phate (POPA), 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS), and 1,2-dioleoyl-sn-glycero-3-phosphoethan-
olamine-N-(5-dimethylamino-1-naphthalenesulfonyl)
(dansyl-PE) were purchased from Avanti Polar Lipids and
cholesterol (Chol) was obtained from Northern Lipids. The
phospholipid concentrations were quantified by phosphorus
analysis, (Rouser et al. 1966) whereas cholesterol concentra-
tion was quantified using a Cholesterol Kit (BioSystems).

Liposome preparation

Liposomes were prepared by the hydration of a dry lipid film
as previously described (Bangham et al. 1965; Elderdfi et al.
2017). Briefly, the organic solvents were evaporated under
a nitrogen atmosphere to obtain a thin lipid film. The film
was then further dried under vacuum for at least 2 hours. The
lipids were re-suspended in HEPES buffered saline (HBS)
(20 mM HEPES, 150 mM NaCl, pH 7.4) to a concentration
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of 1 mg/ml. The hydrated liposomal suspension was subse-
quently extruded through a 0.4 um polycarbonate membrane
filter. The filter was then sequentially replaced by 0.2 um
and 0.1 um-pore membranes, and the extrusion cycles were
repeated 10 times independently for each filter. The size of
the liposomes was determined using a ZetaSizer (Malvern).

Liposomes in this study were prepared from four lipid
mixtures: i) lipid liposomes exhibiting the formation of
phase-separated domains were assessed using a lipid mixture
composed of DOPC, SM and Chol at a 1:1:1 molar ratio,
hereinafter called “DOPC-containing liposomes” (Maté et al.
2014), ii) lipid liposomes without cholesterol were prepared
using a lipid mixture composed of DOPC and SM at a 1:1
molar ratio, ii) lipid liposomes exhibiting a homogeneous
phase were prepared using a lipid mixture composed of
DPPC, SM and Chol ata 1:1:1 molar ratio, hereinafter called
“DPPC-containing liposomes’, iv) lipid liposomes similar to
the inner leaflet of the erythrocyte-lipid plasma membrane
were assessed using a lipid mixture composed of DOPE,
POPA, POPS, SM, POPC and Chol at a 30:2:20:9:10:27.5
molar ratio (DeWolf et al. 1997; Virtanen et al. 1998), here-
inafter called “erythrocyte-like liposomes™

Flotation assays

The flotation assay was performed as previously described
(Busse et al. 2013; Elderdfi et al. 2017; Tronchere and Boal
2017). Briefly, proteins (MPP1 or flotillin-1 or flotillin-2)
at a concentration of 50 nM were prepared with 0.4 mg/ml
lipid liposomes in HBS buffer to a final volume of 250 ul
and incubated at room temperature for 30 minutes. Con-
trol samples contained only protein without liposomes at
the same concentration. After incubation, samples were
transferred to ultracentrifuge tubes and mixed with 250 pl
of 60% sucrose by pipetting up and down a few times. The
samples were carefully overlaid with 0.8 ml of 15% sucrose,
followed by 1.8 ml of 10% sucrose in HBS buffer, and finally
with 1.0 ml of HBS buffer without mixing, so as to establish
a sucrose gradient. The samples were then centrifuged at
200 000 x g (45 000 rpm, 60Ti rotor) for 2 hours at 4°C.
After centrifugation, 6 fractions were taken via collection
sequentially from the top and, after addition of SDS to a final
concentration of 1%, fractions were analyzed via dot-blot
assay. Equal volumes of samples were loaded into the wells
of a dot-blotter (Hoefer Scientific Instruments) and trans-
ferred onto a nitrocellulose membrane by vacuum filtration,
after which the membrane was blocked for 60 min at room
temperature. Detection of bound protein was performed
using the desired antibodies, namely, mouse monoclonal
anti-MPP1 antibodies for MPP1 (Abnova, CA, USA), rabbit
anti-flotillin-1 antibodies for flotillin-1 (Santa Cruz Biotech-
nology, Inc., Heidelberg, Germany), or goat anti-flotillin-2
antibodies for flotillin-2 (Santa Cruz Biotechnology, Inc.,

Heidelberg, Germany), followed by chemiluminescence
analysis performed on a UVP Imaging System.

The band intensity of the dot blot was quantified using
image analysis software (Image]) in order to compare the
binding of MPP1 towards DOPC- and DPPC-containing li-
posomes, as previously described (Boal et al. 2015; Tronchere
and Boal 2017).

Forster resonance energy transfer binding assay (FRET)

We performed steady-state experiments, in which the fluo-
rescence emission intensity of dansyl-labeled liposomes was
measured using a Cary Eclipse fluorescence spectropho-
tometer equipped with a temperature controller (Varian)
in a 45x12.5x12.5 mm quartz cuvette at 22°C. Tryptophan-
dansyl FRET-detected binding of increasing concentrations
of MPP1 or F-MPP1 (tryptophan residues “donor”) to lipid
liposomes containing 3% dansyl-PE (dansyl-labeled lipo-
some “acceptor”) was performed as described previously
(Gilbert et al. 1990). The total lipid concentration for the
measurement was 10 pM and MPP1 was added in incre-
ments. An excitation wavelength of 295 nm was applied.
The emission intensity at the dansyl emission maximum
(525 nm) was monitored in the presence of different protein
concentrations. The dansyl fluorescence increase, from the
average of the maximum emission intensity enhancement of
the acceptor signal in the presence of the donor, was calcu-
lated from the equation (White and Holcombe 2007): Dansyl
fluorescence increase (%) = (Ijns+mpp1/Lans = 1) x 100, where
Lins+mpp1 is the fluorescence intensity of the acceptor in the
presence of the donor and I, is the fluorescence intensity
of the acceptor in the absence of the donor (0% increase).

GraphPad PRISM 6 software was used to calculate the
equilibrium dissociation constant (Kp) value of the binding
affinity of MPP1 with lipid liposomes from the hyperbolic
curve obtained from FRET assay data using a nonlinear
regression curve fit.

Langmuir monolayer studies

Experiments measuring the change in surface pressure upon
injection of the protein into the subphase were performed by
the Wilhelmy technique, using a Teflon trough (surface area)
and a Nima tensiometer (Nima Technology, Coventry, UK),
at room temperature. The entire instrument was enclosed
in a box, facilitating flushing with a stream of nitrogen.
For the surface activity of MPP1 at the air/buffer interface,
500 pl aliquots of increasing concentrations of MPP1 previ-
ously dialyzed against the subphase buffer were injected into
the Langmuir subphase buffer (Tris/HCL, pH 7.5, 0.5 mM
EDTA, 150 mM NaCl and 0.5 mM dithiothreitol) through
alateral hole under continuous stirring of the subphase, and
the adsorption of the protein at the air/buffer interface was
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recorded as an increase in surface pressure (Am) versus time
until it remained constant.

To assess the insertion of protein into lipid monolayers,
the kinetics of insertion of the protein into lipid monolay-
ers were measured using the same trough as for the surface
activity. For these experiments, a 0.5 mg/ml lipid stock
solution of the lipid mixture was prepared and added drop-
wise on the subphase until the desired lipid initial surface
pressure was achieved. After 15-20 min, the equilibrium
of the lipid monolayer was reached. Then, a 500 pl protein
solution was injected into the subphase through the side
hole of the trough. The subphase was stirred with a small
(I1x3 mm) magnetic stirrer during the measurements, and
surface pressure changes were monitored as a function of
time. GraphPad PRISM 6 software was used for the surface
activity curve of MPP1, using a nonlinear regression curve
fit, and the equilibrium protein concentration was calculated
as previously described (Elderdfi and Sikorski 2018).

For inhibition of lipid-MPP1 interactions by cholesterol,
a total of 50 pl chloroform solution of the cholesterol solution
was added to a glass test tube and chloroform was removed
using a nitrogen stream for around 30 minutes (Hossain et
al. 2016). Then, a 500 pl MPP1 solution was added to the
cholesterol film and incubated for 30 minutes at room tem-
perature with gentle shaking prior to its injection into the
subphase buffer of an erythrocyte membrane-like monolayer
at an initial surface pressure of 20 mNm™!. As a control, an
identical treatment was also applied for samples containing
MPP1, but the test-tube did not contain cholesterol when
the same volume of chloroform was evaporated. The final
MPP1 concentration in the subphase was 10 nM. A refer-
ence sample of either a 500 pl buffer alone (0 nM MPP1)
or cholesterol in the same buffer was used. The percentage
of the insertion efficiency of MPP1 was calculated from the
equation: Insertion efficiency of MPP1 (%) = ATypp1+chol /
ATtyppr x 100, where Aty 14 chorand ATty are pre-incu-
bated MPP1 with and without cholesterol, respectively. The
ATtypp1 without cholesterol was considered as having 100%
insertion efficiency of protein. For clarity, the quantitative
and qualitative analyses of pre-incubated MPP1 protein
samples with and without cholesterol after high speed
centrifugation at 10,000 rpm for 10 minutes to remove any
precipitated material were performed using SDS-PAGE, the
absorption spectrum, and the autofluorescence properties of
preincubated-MPP1 samples with and without cholesterol.
The results confirmed that the protein remained soluble (see
Supplementary Material Fig. S1 and S2).

Fluorescence spectroscopy measurements

Liposomes were labeled with C-Laurdan (dissolved in
ethanol). After addition of the probe to the final concentra-
tion, the sample was briefly vortexed and incubated in the

dark for at least 30 minutes to ensure homogeneous dye
incorporation into the liposomes before the fluorometric
measurement (0.2 mol% C-Laurdan). Steady-state emission
spectra were acquired in a Cary Eclipse fluorescence spec-
trophotometer. Fluorescence emission spectra were recorded
and analyzed as previously described (Sezgin et al. 2014). The
excitation wavelength for C-Laurdan was 385 nm and the
emission spectrum was collected from 410 to 550 nm. The
generalized polarization (GP) measurements of C-Laurdan
were calculated as a relative measure for membrane order
from the formula: GP = (Iyordered ~ Ddisordered) / (Iordered +
D\disordered)> Where Dordered and Iy gisordered are the emission
intensities of the ordered emission band and the disordered
emission band, respectively. Standard deviation (SD) and
Students t-test were used to assess the variability of obtained
data applying MS Excel procedures.

Results

Influence of changing the lipid environment on binding
activity of MPP1 with membrane lipids

Affinity of interaction of MPP1 and C242F mutant mimicking
palmitoylated MPP1 with membrane lipids

In our previous study (Elderdfi et al. 2017) we demon-
strated that recombinant MPP1 binds to liposomes and
penetrates DOPC/SM/Chol monolayers. To gain a more
quantitative insight into the binding of MPP1 to membrane
lipids, the binding of MPP1 with lipid liposomes composed
of equimolar ratios of a DOPC/SM/Chol or DOPC/SM
mixture was investigated using Forster resonance energy
transfer (FRET) (Fig. 1A). Endogenous tryptophan residues
in MPP1 were used as FRET donors for a dansyl-labeled
acceptor (dansyl-PE) distributed randomly on the target
liposome surface. The FRET-based assay resulting from
binding of MPP1 and membrane lipids was determined from
the increase in the intensity of the tryptophan-excited dansyl
emission upon addition of increasing amounts of protein
(see Materials and Methods). The results of FRET-based
assay dependence on MPP1 concentration are shown in Fig.
1A and 1B. As the concentration of MPP1 was increased,
enhancement of the dansyl fluorescence increase was ob-
served, clearly showing that the energy-transfer increase
was dependent on the concentration of the donor. The equi-
librium dissociation constant (Kp) value of the interaction
of the MPP1 protein with DOPC/SM/Chol-liposomes and
DOPC/SM-liposomes obtained in these experiments was
135 + 25 nM and 220 + 47 nM, respectively.

Previous studies have reported that palmitoylation plays
a role in the association of some membrane proteins with
the plasma membrane (Epand 2008). We further investi-
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gated whether palmitoylation is required for the binding of
MPP1 with lipid mono- or bilayers in two separate model
systems, namely FRET assay using liposomes, or with a lipid
monolayer at the air/buffer interface using the Langmuir
monolayer technique. As shown in Fig. 1C, the Kp value
obtained from the interaction of the C242F mutant mimick-
ing palmitoylated MPP1 (F-MPP1) with DOPC/SM/Chol-
liposomes using FRET assay experiments was 136 + 26 nM.
In addition, to compare further lipid-binding properties of
MPP1 and the F-MPP1 mutant, the exclusion surface pres-
sure resulting from the penetration ability of both proteins
into lipid monolayers was measured. As shown in Fig. 1D,
the increase in the surface pressure (An) in monolayers upon
the addition of MPP1 to the subphase bufter at various initial
surface pressures (AT = Tlfya1 — Tinirial) Was essentially the
same as for the F-MPP1 mutant. The determined exclusion
surface pressure (the surface pressure above which the pro-
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tein does not penetrate into the lipid monolayer) for MPP1
and F-MPP1 was 26 and 27 mNm™’, respectively. These
results suggest that the mutation of cysteine 242 to pheny-
lalanine has no effect on the insertion/binding of MPP1 to
artificial lipid membranes.

Effect of cholesterol on binding activity of MPP1 with
membrane lipids

Previously we have shown that the interaction of MPP1 and
membrane lipids is sensitive to the presence of cholesterol, by
observing the effect of MPP1 on DOPC/SM/Chol monolay-
ers compared to cholesterol-free monolayers (DOPC/SM)
(Elderdfi et al. 2017). However, the role of cholesterol in the
MPP1-membrane interaction remains poorly understood.
Hence, Langmuir experiments were designed to further
elucidate whether cholesterol is able to inhibit the interac-
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Figure 1. Interaction of MPP1 with lipid membranes. A. FRET-based assay; an increase in dansyl-lipid fluorescence emission intensity
upon addition of increasing amounts of MPP1 to lipid liposomes composed of DOPC, SM and cholesterol was measured. Correspond-
ing Kp and r? were 135 + 15 nM (error values, standard error of fit) and 0.99, respectively. B. FRET-based results of binding of MPP1
to lipid liposomes composed of DOPC and SM. Corresponding Kpy and ° were 220 + 47 nM (error values, standard error of fit) and
0.97, respectively. C. FRET-based results of binding of MPP1 and its C242F mutant mimicking palmitoylated MPP1 (F-MPP1) to lipid
liposomes composed of DOPC, SM and cholesterol. Corresponding Kp, and 72 for binding of F-MPP1 were 136 + 26 nM and 0.97, re-
spectively. D. Determination of exclusion surface pressures (1), change in surface pressure (Ts,q1 ~ Tinisial) VS- initial surface pressure
(Tinitia1)> for MPP1 (black squares) in comparison with F-MPP1 (grey triangles) adsorption on a lipid monolayer composed of DOPC,
SM and cholesterol. FRET assay data here are presented as mean + SD (n = 3). MPP1, membrane palmitoylated protein-1; FRET, Forster
resonance energy transfer binding assay; DOPC, dioleoylphosphatidylcholine; SM, sphingomyelin.
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Figure 2. Protein surface-adsorption activity. A. MPP1 surface adsorption kinetics at the air/buffer interface at different protein concen-
trations. Line 1, 5 nM; line 2, 10 nM; line 3, 15 nM; line 4, 20 nM; line 5, 30 nM; line 6, 40 nM; line 7, 60 nM; line 8, 100 nM MPP1. B.
Corresponding surface-activity curve of MPP1 as a function of protein concentration. A at axis x is the extrapolated protein concentration
equal to the protein concentration that achieves % Am,,,,. Data in the surface-activity curve represent the equilibrium values derived
from the surface adsorption plots shown in panel A. m, surface pressure.

tion between MPP1 and lipid monolayers. First, protein
surface activity for the adsorption of MPP1 into the air/
buffer interface at different protein concentrations in the
subphase was assessed. Figs. 2A and 2B show the adsorp-
tion kinetic process and the corresponding surface activity
curve of MPP1, respectively. A nonlinear regression curve
fit was used to fit the data of the surface activity vs. protein
concentration in the subphase, according to the following
equation: At = Cry,,,/(A + C), where Cis the concentration

of MPP1 in the subphase (nM), 1, is the maximum surface
pressure, and A is a characteristic constant equal to the pro-
tein concentration which achieves % A, ;. The calculated
A and m,,,, values obtained from the surface activity curve
were 10.7 nM and 21 mNm™, respectively (* = 0.95). This
protein concentration (10 nM) is lower than the equilibrium
spreading surface pressure of the protein and, importantly, it
is the appropriate protein concentration that was chosen for
the insertion study (Sanchez-Martin et al. 2010).
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Figure 3. Effect of cholesterol on binding activity of MPP1 with erythrocyte membrane-like lipid monolayer using a Langmuir monolayer
constant surface area study. A. Change in surface pressure (Am) of erythrocyte membrane-like monolayers after addition of pre-incubated
MPP1 without cholesterol (dotted black line) and pre-incubated MPP1 with cholesterol at molar ratio 1:15 (grey line) and 1:0.5 (black
line) into the subphase at a given initial surface pressure of 20 mNm™!. B. Inhibition of binding of MPP1 to erythrocyte membrane-like
monolayers by cholesterol. The data represent the difference in the MPP1 binding activity between the insertion curves of pre-incubated
MPP1 with cholesterol and those without cholesterol. For inhibition of lipid-protein interactions by cholesterol, MPP1 was pre-incubated
for 30 min without (100% binding) and with cholesterol, and was then injected into the subphase. The effect of cholesterol in the surface
buffer was negligible. Error bars represent SD at particular time points (n = 3).
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The membrane penetration ability of MPP1 from the
subphase into lipid monolayers at a constant surface area
was then determined. The lipid monolayer was formed at
the air/buffer interface at a desired initial surface pressure of
~20 mNm™! (the maximal surface adsorption by MPP1 at
the air/buffer interface determined from Fig. 2). The change
in the surface pressure of the erythrocyte-like monolayers
upon the injection of pre-incubated cholesterol-free MPP1
(dotted black line), and pre-incubated-MPP1 with choles-
terol (grey and black solid lines) into the buffer subphase
against time was monitored (Fig. 3A). The change in the
surface pressure of the reference sample containing buffer
incubated identically as MPP1 solution over the choles-
terol film was negligible. Interestingly, the pre-incubation
of MPP1 with cholesterol (at a molar ratio of 1:15 or 1:0.5)
significantly reduced the spontaneous membrane insertion
of MPP1 into the membrane monolayer in comparison to
the insertion of pre-incubated cholesterol-free MPP1 (Fig.
3B). This finding indicates that the pre-incubation of MPP1
with cholesterol at the solid-liquid interface forms some
stable complexes between MPP1 and cholesterol, which in
turn prevent MPP1 from inserting into the lipid monolayers
at the air/buffer interface.

Effect of lipid lateral heterogeneity on binding of MPPI with
membrane lipid mono- and bilayers

The lateral organization of lipids could be an interesting
possibility to explain MPP1 recruitment to lipid raft do-
mains. Because we were unable to detect the effects on the
erythrocyte-like membrane model system in the context
of its complexity, since it contains several lipids, we rea-
soned that the effect of lateral phase heterogeneity may be
manifested in a well-known and simpler membrane-lipid
mixture such as DOPC, SM and cholesterol. This mixture
has been shown to exhibit the formation of phase-separated
domains (Maté et al. 2014). In addition, previously we have
shown that MPP1 interacts with membrane lipids using
this particular ternary lipid mixture (Elderdfi et al. 2017).
To this end, we therefore investigated the insertion activ-
ity of MPP1 into two lipid mixtures that form monolayers
of different phase structure under the conditions of our
experiment (room temperature), i.e. laterally inhomogene-
ous, DOPC-containing monolayers composed of DOPC/
SM/Chol and laterally homogeneous DPPC-containing
monolayers composed of DPPC/SM/Chol.

Ata constant surface area, the insertion of MPP1 from the
subphase into DOPC- and DPPC-containing monolayers at
the air/buffer interface was investigated at an initial surface
pressure of 20 mNm™!. Data in Fig, 4A show the change in
the surface pressure, A, after the addition of 10 nM MPP1 to
the subphase under the lipid monolayers. The final change in
the surface pressure of the DOPC-containing (grey bars) or

DPPC-containing (black bars) monolayers after 60 minutes
following the injection of MPP1 into the subphase buffer
is shown in Fig. 4B (An = Tggmin — Minitian)- The addition
of 10 nM MPP1 to DPPC-containing monolayers induced
a greater change in surface pressure (A= 5.6 + 0.3 mNm™!)
in comparison with DOPC-containing monolayers (An =
3.4 + 0.2 mNm™!). A possible explanation is proposed in
the Discussion section.

Liposome flotation experiments through a sucrose
gradient which ensures separation of lipid-bound and free
protein were also carried out in order to compare the bind-
ing behavior of MPP1 with liposomes prepared from the
two above-mentioned lipid mixtures. MPP1 protein was
incubated with DOPC/SM/Chol liposomes or DPPC/SM/
Chol liposomes, as described in Materials and Methods.
The results obtained from this experiment indicated that the
amount of lipid-bound MPP1 detected from the top fraction
in the case of DOPC-containing liposomes was greater than
those detected in the case of DPPC-containing liposomes
(Fig. 4C). For an explanation of this apparent discrepancy;,
see the Discussion section.

Effect of MPP1 on membrane lipid order

The extent of lipid packing is one of the key physicochemical
features of biological membranes and is involved in many
membrane processes. In this study, we further explored the
role of MPP1 in membrane organization and whether the
presence of MPP1 can alter the degree of lipid packing in
bilayers. Generalized polarization (GP) has commonly been
used to quantify the spectral behavior of fluorescence probes
to estimate the degree of lipid packing of biological mem-
branes. In general, the C-Laurdan fluorescence GP parameter
is calculated according to the equation given in Materials and
Methods with 440 nm as the maximum wavelength in or-
dered membranes (i.e. DPPC) and 490 nm as the maximum
wavelength in disordered membranes (i.e. DOPC). Thus, GP
compares the relative packing of a given membrane as the ra-
tio of the emission at these two wavelengths. GP values were
obtained by spectroscopy and theoretically assume GP values
from -1.0 as the least ordered to 1.0 as the most ordered. In
other words, high GP values are obtained when the probe
spectrum is blue-shifted and thus indicates a higher order
in the bilayer (low penetration of water).

To gain a better understanding of the effect of lipid lat-
eral heterogeneity in biomembranes, we used C-Laurdan
to analyze lipid packing in model membranes, namely,
DOPC/SM/Chol liposomes or DPPC/SM/Chol, in the ab-
sence and presence of MPP1. We measured the GP values
of the DOPC-containing liposomes and DPPC-containing
liposomes (Figs. 5A and 5B). The emission curves of C-
Laurdan in both DOPC- and DPPC-containing liposomes
were clearly distinguishable from each other under the
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Figure 4. Effect of lipid lateral heterogeneity on the binding
activity of MPP1 with membrane lipids. A. Time course of
MPP1 insertion into DOPC/SM/Chol (grey, line 1) and DPPC/
SM/Chol (black, line 2) monolayers at the air/buffer interfaces
at a given initial surface pressure of 20 mNm ™! and the protein
concentration in the subphase of 10 nM. B. Corresponding
surface pressure change of DOPC/SM/Chol (grey bars) and
DPPC/SM/Chol (black bars) monolayers after 60 minutes fol-
lowing protein injection into the subphase. C. Effect of lateral
heterogeneity of lipid mixture composition on binding activ-
ity of 50 nM MPP1 to lipid liposomes. Interaction of MPP1

protein with liposomes composed of DOPC/SM/Chol (grey) in comparison with DPPC/SM/Chol (black). Lipid mixtures were analyzed
by flotation assays in combination with dot blots. Quantification of all blots was performed using Image] software. Student’s ¢-test was
applied in comparison of the data obtained for DOPC/SM/Chol vs. DPPC/SM/Chol monolayers. * p < 0.05. Results here are mean + SD
(n = 3). Chol, cholesterol; DPPC, 1,2-dipalmitoyl- sn-glycero-3-phosphocholine. For more abbreviations, see Fig. 1.

conditions of this study. A higher GP value was determined
in DPPC-containingliposomes in comparison with DOPC-
containing liposomes, as expected from the known effect
of DOPC properties. Although C-Laurdan yields different
numerical GP values for these lipid mixtures, the GP sen-
sitivity could still be measured in the presence of MPP1
in each lipid mixture by comparing the GP shift upon the
addition of MPP1 with respect to the GP of reference lipid
liposomes (either DOPC- or DPPC-containing liposomes).
The calculated GP value of DOPC-containing liposomes in
the presence of MPP1 was significantly (p < 0.01) higher
than in its absence, showing that the C-Laurdan probe is in
a more rigid environment. On the other hand, the presence
of MPP1 in DPPC-containing liposomes did not show a sig-
nificant effect on the bilayer order. The effect of MPP1 on
heterogeneous “phase” artificial lipid bilayers is, therefore,
in agreement with our other studies performed on erythroid
cell plasma membranes (Podkalicka et al. 2015).

Flotillins as functional partners of MPP1 in the erythroid
membrane do not affect binding of MPP1 with membrane
lipids although they bind lipid mono- and bilayers

Flotillins are considered as a subpopulation of raft do-
mains in erythrocyte membranes (Salzer and Prohaska

2001). Previous studies have shown that the lipid-binding
property of flotillins is mainly related to the prohibitin ho-
mology domain (PHB) at the N-terminus, which contains
hydrophobic segments (Solis et al. 2007). Even though
PHB-containing proteins are not all associated with the
plasma membrane and are targeted to different destinations
in the cell, biochemical experiments have determined the
PHB-containing proteins to be associated with lipid rafts
(Morrow and Parton 2005). Interestingly, our team has
recently demonstrated that MPP1 directly binds flotillins
(Biernatowska et al. 2017). This finding raises another
important question — whether flotillins have an effect on
the mechanism underlying the interaction of MPP1 with
membrane lipids. As expected, the results obtained from the
flotation assay of purified recombinant flotillin-1 and flotil-
lin-2 with erythrocyte membrane-like liposomes indicated
that both flotillin-1 and flotillin-2 interact with membrane
lipids (Fig. 6A). To this end, we asked whether flotillins,
being MPP1- and lipid-binding proteins, affect the bind-
ing of MPP1 to membrane lipids. To answer this question,
the binding of MPP1 and erythrocyte-like liposomes was
conducted in the presence of flotillins using the flotation as-
say. Briefly, liposomes were incubated with MPP1:flotillin-1
(1:1), MPP1:flotillin-2 (1:1), and MPP1:flotillin-1:flotillin-2
(1:1:1) mixtures. After flotation with liposomes, the dot-
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blot assay of the gradient fractions was visualized using
anti-MPP1 antibodies. Notably, when MPP1 was mixed
with flotillins, flotillin-1 or flotillin-2 or both flotillin-1 and
flotillin-2, a considerable fraction of MPP1 was preserved
in the top fraction of the flotation gradient (Fig. 6B). These
results show that the protein-protein and protein-lipid
binding activities of flotillins do not perturb the binding of
MPP1 to membrane lipids.

To gain a deeper insight into the interaction of studied
proteins with membrane lipids, the exclusion surface pres-
sure of MPP1 and flotillins was determined from the pene-
tration ability of these proteins into erythrocyte membrane-
like monolayers. The exclusion pressure provides a surface
pressure threshold for the tested proteins beyond which the
protein does not penetrate the lipid monolayer. Fig. 7 shows
that the surface pressure increases (Am) in monolayers upon
the injection of MPPI, flotillin-1, or flotillin-2, at various
initial surface pressures (AT = T4y = Winitiar)- For these three
proteins, the greater the 1,5, the lower the incorpora-
tion of the protein into the monolayer as a consequence
of greater lipid packing at higher initial surface pressures.
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These values show that the proteins could penetrate better
into lipid monolayers which are in an expanded state. The
determined exclusion surface pressure for MPP1, flotillin-1
and flotillin-2 into the erythrocyte-like monolayers at the
lipid monolayer/bufter interface was determined to be 30,
35 and 27 mNm ™}, respectively. The results obtained from
this set of experiments confirm that these proteins, as single
protein components, bind membrane lipids. Furthermore,
the determined exclusion surface pressure of flotillin-1
(35 mNm™}) raises the possibility that flotillin-1 could pen-
etrate, at least partially, into the membrane bilayer.

Discussion

It has been found that MPP1 regulates the formation of
raft-like domains in the erythrocyte cell membrane and the
lack of MPP1 resulted in significant changes in the physico-
chemical properties of the plasma membrane (Biernatowska
et al. 2013; Podkalicka et al. 2015). However, the detailed
mechanism underlying the participation of MPP1 in the
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Figure 5. Generalized polarization (GP) sensitivity of environment-sensitive probes to the lateral heterogeneity of two lipid mixtures
composed of DOPC/SM/Chol (grey) in comparison with DPPC/SM/Chol (black) upon addition of MPP1. A. GP values of DOPC/SM/
Chol liposomes alone and in the presence of MPP1. Inset: Sample normalized spectra of C-Laurdan in DOPC/SM/Chol liposomes (grey
line), and DOPC/SM/Cho liposomes with MPP1 (dashed red line). B. GP values of DPPC/SM/Chol liposomes alone and in the pres-
ence of MPP1. Inset: Sample normalized spectra of C-Laurdan in DPPC/SM/Chol liposomes (dashed black line), and DPPC/SM/Chol
liposomes with MPP1 (red line). Student’s ¢-test was applied in comparison of the data obtained for DOPC/SM/Chol liposomes vs DOPC/
SM/Chol liposomes with MPP1. ** p < 0.01. Results here are mean + SD (# = 3). ns, non-significant. For more abbreviations, see Fig. 1.
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plasma membrane remains to be explored. In this context,
we have shown recently that MPP1 interacts with lipid
mono- and bilayers composed of DOPC, SM and choles-
terol, suggesting that such interaction could be involved in
the association of MPP1 with plasma membrane (Elderdfi
et al. 2017). In the next step of our study, presented here,
we quantitatively investigated the effect of the surround-
ing membrane environment on the binding of MPP1 with
membrane lipids. The results obtained from the FRET-based
method indicated that the binding affinity of MPP1 with
liposomes composed of DOPC/SM/Chol is approximately
two-fold higher than the values obtained with liposomes
composed of DOPC/SM without cholesterol (Kp ~ 135
+ 15 nM and ~ 220 + 47 nM, respectively) (Figs. 1A, 1B). It
should be noted that these are the first K values obtained
for this interaction using a quantitative assay. These observa-
tions are similar to results obtained previously for Langmuir
lipid monolayers prepared from lipid mixtures composed of
DOPC and SM with and without cholesterol (Elderdfi et al.
2017), wherein the addition of MPP1 to the subphase buffer
resulted in a larger increase in area-per-molecule values in
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the presence of cholesterol, compared to those observed in
the absence of cholesterol.

Assuming that the C/F mutation really mimics the native
palmitoylation of the molecule (Ruff et al. 1991; Yang et al.
2010), FRET results obtained from the experiment using the
C242F mutant mimicking palmitoylated MPP1 suggests that
the protein palmitoylation at single site was not crucial for
binding of the MPP1 with membrane lipids (Fig. 1C). This
was also confirmed by using the Langmuir monolayer tech-
nique (Fig. 1D). One possibility is that the palmitoylation in
MPP1 might serve as a plasma membrane localization signal.
This mechanism of action has also been suggested in other
peripheral membrane proteins (Liu et al. 2005). It is impor-
tant to note that MPP1 palmitoylation has been considered
to have a role in the association of MPP1 with membranes
or even take part in the generation of lateral inhomogeneity.

Proteins are often excluded from cholesterol-rich mem-
brane regions because cholesterol induces tighter membrane
lipid packing (Head et al. 2014). Nevertheless, certain types
of proteins are known to segregate with cholesterol and pretf-
erentially associate with cholesterol-rich membrane regions.
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Figure 6. Effect of flotillins on association of MPP1 with erythrocyte
membrane-like liposomes using the flotation assay. A. Flotation
fractions analysis of binding of flotillin-1 (lane a) and flotillin-2
(lane b) with liposomes. B. Flotation fractions analysis of binding
of MPP1 alone (lane a) with lipid liposomes, and in the presence
of flotillin-1 (lane b), flotillin-2 (lane ¢), and flotillin-1/flotillin-2
(lane d). C. Flotation fractions analysis of binding of flotillin-1
(lane a) and flotillin-2 (lane b) with liposomes.in the presence of
flotillin-1/flotillin-2/MPP1. The sucrose gradient fractions were
analyzed by the dot-blot assay and flotillin-1, flotillin-2 and MPP1
were visualized using anti-flotillin-1, anti-flotillin-2 and anti-MPP1
antibodies, respectively.
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Our recent study showed that the interaction of MPP1 with
lipid monolayers is enhanced in the presence of cholesterol
in the monolayer lipid mixture (Elderdfi et al. 2017). Here
we asked a further question, namely, whether this interaction
might involve direct binding of cholesterol by MPP1, as it is
known that MPP1 contains in its structure surface-exposed
cholesterol-binding CRAC and CRAC-like motifs which
were found to be able to bind cholesterol with reasonable
affinity in simple modeling studies (Listowski et al. 2015).
Using the constant surface area monolayer approach, the
binding of MPP1 with lipid membranes was observed to
be specifically inhibited as a consequence of the formation
of cholesterol/MPP1 complex(es) in a competition assay.
This finding was derived from the observation that the pre-
incubation of MPP1 with cholesterol prior to its addition
to the lipid monolayer significantly reduced the binding of
MPP1 into lipid monolayers in comparison with the bind-
ing of pre-incubated cholesterol-free MPP1 (Fig. 3B). These
results indicate the formation of stable complexes between
pre-incubated-MPP1/cholesterol, which in turn prevent
MPP1 insertion into the lipid monolayer. In addition, several
studies have proposed a similar mechanism of action for
another cholesterol-binding protein, i.e. caveolin (Okamoto
et al. 1998; Williams and Lisanti 2004; Epand 2008, 2006).
They have shown that binding of caveolin with cholesterol is
directly related to the CRAC domain (Li et al. 1996; Yang et
al. 2014) and the insertion of caveolin into phosphatidylcho-
line membranes is dependent on the presence of cholesterol
(Smart and Anderson 2002; Ortegren et al. 2004). Further-
more, the membrane insertion of a chloride intracellular ion
channel protein (CLIC1) into lipid monolayers was found
to be inhibited when CLIC1 protein was pre-incubated with
cholesterol before its addition to the subphase, providing evi-
dence that the CLICI insertion into cholesterol-containing
monolayers involves direct binding between CLIC1 and
cholesterol molecules (Hossain et al. 2016). Taking into

! squares), flotillin-1 (black triangles), and flotil-
lin-2 (black circles) adsorption on an erythrocyte
membrane-like monolayer.

consideration that MPP1 probably forms a complex(es) with
cholesterol which inhibits the MPP1 insertion into the lipid
(erythrocyte membrane-like) monolayer, we suggest that
the interaction of MPP1 with cholesterol-containing lipids
would be highly likely to involve direct binding between
MPP1 and cholesterol molecules.

To expand our ability to examine the effect of the lipid lat-
eral heterogeneity, the interaction of MPP1 with membrane
lipids was investigated using two lipid mixtures, correspond-
ing to phase separated or homogeneous lipid mono- and
bilayers. In both cases we observed different results. In the
monolayer system the change in the surface pressure values
of DOPC-containing monolayers after the addition of 10 nM
MPP1 (10 nM; less than the equilibrium concentration) into
the subphase buffer was significantly (p < 0.01) smaller than
those observed for DPPC-containing monolayers, while
in the case of DOPC-containing liposomes the amount of
bound MPP1 (50 nM) was significantly larger.

This discrepancy, in our opinion, results from the differ-
ent experimental systems. In the liposomal system (flotation
assay) the observed final result does not include a change
in lateral packing density of lipids, while in the Langmuir
monolayer the packing density of lipids has a significant
effect on the surface pressure value. This interpretation is
schematically illustrated in Supporting Information Fig. S3.
Indeed, in comparison with DPPC monolayers, the DOPC
monolayers are more compressible at a surface pressure of ~
20 mNm™!. Therefore, we might expect a significant change
in the area-per-molecule within the DOPC monolayer,
and thus the interaction of MPP1 with DOPC-containing
monolayers results in a smaller increase in the surface pres-
sure compared to DPPC-containing monolayers. A similar
mechanism of action was proposed elsewhere, illustrating
a decrease in the A values after the injection of lung an-
nexin I (LAI) under lipid monolayers composed of POPG
and the lack of a A decrease in the case of lipid monolayers
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composed of DPPG (Koppenol et al. 1998). Nevertheless, it
should be noted that the influence of the phase state of the
lipid mixture on MPP1 binding using the liposome system
and flotation assay is less stringent, although still marked.

An important issue is the response of C-Laurdan to
changes in lipid packing, which shed some light on the effect
of MPP1 binding on the physicochemical properties of these
two lipid mixtures. Significantly, an increase in GP values
of DOPC-containing liposomes upon the addition of MPP1
was noted, whereas no significant changes were determined
in the GP values of DPPC-containing liposomes in the pres-
ence and absence of MPP1, indicating that modification of
the lipid monolayer properties is not observed in the lipid
liposomes exhibiting a homogeneous ordered phase. This
appears consistent with our previous study in which lower
GP values for vesicles isolated from MPP1-knockdown
cells compared to control erythroid cells were observed
(Podkalicka et al. 2015). In addition, fluorescence-lifetime
imaging microscopy (FLIM) experiments of the di-4 probe
detected, upon MPPI expression silencing, changes in the
plasma membrane order of giant plasma membrane vesicles
(GPMVs) isolated from HEL cells (Biernatowska et al. 2013).
From these observations, we can conclude that the influ-
ence of MPP1 on physicochemical properties of the lipid
membranes is sensitive to subtle changes in the phase state
of the lipid mixture.

We became interested in flotillins when our team recently
identified these proteins as binding partners for MPP1 in
the erythrocyte membrane (Biernatowska et al. 2017). Both
flotillin-1 and flotillin-2 have been shown to be associated
with membrane rafts (Salzer and Prohaska 2001; Liu et al.
2005; Stuermer and Plattner 2005; Rivera-Milla et al. 2006;
Babuke and Tikkanen 2007; Sasaki et al. 2008; Stuermer
2010; Koh et al. 2016; Bodrikov et al. 2017). They are also
well known to form homo- and hetero-oligomers (1:1)
(Salzer and Prohaska 2001; Rivera-Milla et al. 2006; Solis et
al. 2007, 2010; Babuke et al. 2009). Using the liposome flota-
tion assay, flotillin-1 and flotillin-2 were found to associate
with the lipid liposome at the top of the flotation gradient,
indicating that flotillins, as single protein components, have
the capability to bind liposomes (Fig. 6A). Remarkably, no
significant changes were observed in the lipid-binding activ-
ity of MPP1 in the presence of flotillins compared to MPP1
alone (Fig. 6B), implying that the protein-protein binding
activity of these proteins as well as the flotillin-lipid bind-
ing activities did not perturb the interaction of MPP1 with
liposomes. Furthermore, both flotillin-1 and flotillin-2 were
also detected, with MPP1I, at the top fraction of the sucrose
gradient (Fig. 6C). Together, these observations may suggest
that at least recombinant flotillins do not affect interactions
of recombinant MPP1 with membrane lipids.

The ability of flotillin-1 to penetrate the lipid monolayer
up to a surface pressure of 35 mNm™! in comparison with

flotillin-2 (26 mNm™!) is worth mentioning because it
provides evidence that flotillin-1 could, at least partially,
penetrate the plasma membrane (the surface pressure of
the physiological cell membrane is typically in the range
25-35 mNm~! (Demel et al. 1975; Portlock et al. 1992;
Marsh, 1996; Espinosa et al. 2011; Fantini et al. 2015; Still-
well and Stillwell 2016; review Elderdfi and Sikorski 2018).
Although our results concerning flotillins do not allow us to
draw strong conclusions on the effect of flotillins on binding
activity of MPP1 and membrane lipids, they strengthen the
previous suggestion in the literature that flotillin-1 is able
to penetrate the membrane (Saltiel et al. 2000; Dermine et
al. 2001; Gkantiragas et al. 2001; Morrow et al. 2002). Fur-
ther studies are necessary in order to investigate the role of
flotillins, in particular flotillin-1, in the mechanism of the
membrane association of MPP1 in erythroid cells.

In conclusion, our results provide some insights into the
mechanism underlying the association of MPP1 with mem-
brane lipids. Interestingly, we showed by using the C242F
mutant mimicking palmitoylated MPP1 that this modifica-
tion probably does not play a critical role in MPP1 binding
with artificial lipid membranes. Furthermore, flotillins, as
single protein components, interact with membrane lipids,
with flotillin-1, in particular, able to also act as a membrane
penetrating protein. However, their effect on MPP1-lipid
bilayer interaction was not detectable in our experimental
system. Although there are variations in the binding char-
acteristics of MPP1 with different membrane lipids, the
influence of MPP1 on physicochemical properties of lipid
membranes appears to be affected by subtle changes in the
phase state of the lipid mixture. The Langmuir monolayer
experiments show that the MPP1: cholesterol complex in-
duced a substantial decrease in surface pressure change of the
cholesterol-containing monolayer compared to MPP1 alone,
suggesting an apparent ability of MPP1 to directly interact
with cholesterol molecules. We suggest the possibility that
such interactions could be involved in the mechanism of the
membrane association of MPP1 and may participate in the
mechanism of MPP1-dependent raft domain organization
and regulation in erythroid cell plasma membranes.
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