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ABSTRACT Phosphoinositides have been shown to control membrane trafficking events by targeting proteins to specific
cellular sites, which requires a tight regulation of phosphoinositide generation and turnover as well as a high degree of
compartmentalization. To shed light on the processes that lead to the formation of phosphoinositide-enriched microdomains,
phosphatidylcholine/phosphatidylinositol monophosphate (phosphatidylinositol-3-phosphate (PI-3P), -4-phosphate (PI-4P), or
-5-phosphate (PI-5P)) mixed vesicles were investigated by calorimetric (DSC) Fourier transform infrared spectroscopic (FTIR),
and fluorescence resonance energy transfer (FRET) measurements. The experiments furnished results consistent with a pH-
dependent formation of phosphatidylinositol monophosphate-enriched microdomains. The domain formation was most
pronounced between pH �7 and �9.5, whereas slightly acidic pH values (pH 4) resulted in the disintegration of the domains.
This pH-dependent phosphatidylcholine/phosphatidylinositol monophosphate demixing was observed for the gel phase (FTIR
experiments) as well as for the fluid lipid phase (FRET measurements). The observed microdomains are presumably stabilized
by hydroxyl/hydroxyl as well as hydroxyl/phosphomonoester and phosphodiester interactions. While the pH dependence of the
mutual phosphatidylinositol monophosphate interaction was largely the same for all investigated phosphatidylinositol
monophosphates, it turned out that the relative stability of phosphatidylinositol monophosphate-enriched microdomains (pH
7–9.5) was governed by the position of the phosphomonoester group at the inositol ring (PI-4P. PI-5P. PI-3P). Demixing was
also observed for phosphatidylcholine/phosphatidylinositol mixed vesicles; however, in this case the microdomain formation
was only slightly affected by pH changes.

INTRODUCTION

Phosphoinositides (Fig. 1) have been shown to mediate

a large variety of important physiological functions by

affecting the activity and/or localization of membrane-

associated proteins (Payrastre et al., 2001; Simonsen et al.,

2001). The versatile inositol ring can be modified at several

positions and a broad range of protein motifs bind with great

specificity to the different phosphoinositides (Lemmon,

2003). The spatiotemporal control of protein function

requires a precise regulation of phosphoinositide generation

and turnover, which is facilitated by various kinases and

phosphatases (Kanaho and Suzuki, 2002; Vanhaesebroeck

et al., 2001), as well as a high degree of compartmentali-

zation. Depending on the position of the phosphomonoester

group at the inositol ring, phosphatidylinositol monophos-

phates have been shown to accumulate in specific cellular

compartments. For example, phosphatidylinositol-3-phos-

phate (PI-3P) is an integral part of the endocytic pathway and

is found to be highly enriched in early endosomes and

intraluminal vesicles of multivesicular endosomes, while it is

undetectable in plasma and Golgi membranes (Stenmark and

Gillooly, 2001). In turn, phosphatidylinositol-4-phosphate

(PI-4P) has been shown to be concentrated in Golgi

membranes (Wang et al., 2003) and phosphatidylinositol-

5-phosphate (PI-5P) is involved in plasma membrane

trafficking events (Carricaburu et al., 2003; Padron et al.,

2003). In addition to the cell compartment specific ac-

cumulation of phosphatidylinositol monophosphates, it has

been suggested that many of the observed physiological func-

tions require selective enrichment of phosphatidylinositol

monophosphates in microdomains.

Recent studies reported the raft-dependent (Bodin et al.,

2001; Caroni, 2001; Hill et al., 2002; Rozelle et al., 2000;

Zhuang et al., 2002) and raft-independent (Botelho et al.,

2000; Marshall et al., 2001; Miaczynska and Zerial, 2002)

accumulation of phosphoinositides in defined membrane

regions in vivo; however, the mechanisms that lead to the

formation of phosphoinositide-enriched microdomains are

elusive. The site-specific recruitment of phosphoinositide

kinases (e.g., the targeting of type III PI 3-kinase by Rab5 to

certain regions of the early endosome) and the resulting

localized production of distinct phosphoinositides has been

offered as a possible explanation for the formation of such

microdomains (Miaczynska and Zerial, 2002). While these

processes are certainly a contributing factor, they alone

cannot explain local phosphoinositide enrichment, because

diffusion away from the synthesis site will most likely limit

the accumulation (McLaughlin et al., 2002). It has been

shown that protein motifs rich in basic residues (e.g.,

MARCKS effector domain) induce phosphatidylinositol-

4,5-bisphosphate sequestration by nonspecific electrostatic

interactions (Wanaski et al., 2003; Wang et al., 2002; Zhang

et al., 2003) and it has been suggested that such mechanisms

play a broader role in the local accumulation of phospho-

inositides (McLaughlin et al., 2002). On the other hand, the

formation of phosphoinositide-enriched microdomains is

likely to depend on several factors and in the light of the rich
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phosphoinositide headgroup functionality it is conceivable

that mutual interaction via hydrogen bond formation is an

essential element for the formation of such domains.

Hydrogen bond formation between lipid headgroups has

generally been identified as a source of lipid phase stabili-

zation (Eibl, 1983). For example, the pH-dependent analysis

of dipalmitoylphosphatidic acid (DPPA) phase behavior

revealed increased gel-phase stability (higher main phase

transition temperature) between the pKa1 and pKa2 of the

phosphomonoester group (Eibl, 1983). This strong mutual

phosphatidic acid (PA) interaction was also evident in calo-

rimetric studies of mixed phosphatidylcholine (PC)/PA

vesicles, which showed fluid/fluid immiscibility at pH 4

(Garidel et al., 1997a). The observed pH dependence of the

mutual phosphatidic acid interaction was attributed to the

fact that the presence of hydrogen-donating and hydrogen-

accepting groups is required for the formation of a hydrogen

bond network. Although this is fulfilled for a partially

dissociated phosphomonoester group (pKa1 , pH , pKa2),

this requirement is not satisfied for the fully protonated or

deprotonated state. In the case of phosphoinositides, it is far

more challenging to predict the mutual interaction because

three types of functional groups (phosphodiester, phospho-

monoester, and hydroxyl groups) can potentially participate

in hydrogen bond formation. Furthermore, the number and

position of the phosphomonoester groups at the inositol ring

is likely to impact the mutual phosphoinositide interaction.

This study is concerned with the physicochemical

characterization of phosphatidylinositol (PI) and phosphati-

dylinositol monophosphates, namely phosphatidylinositol-3-

phosphate, -4-phosphate, and -5-phosphate. The experiments

are designed to explore the pH dependence of the mutual

phosphoinositide interaction and to highlight the importance

of the position of the phosphomonoester group at the inositol

ring for such interaction. Differential scanning calorimetry

(DSC) and temperature-dependent infrared transmission

spectroscopy are being used to study the pH-dependent

mixing behavior of phosphatidylcholine and phosphatidyl-

inositol monophosphate (PI-xP) multilamellar vesicles. The

measurements not only highlight the gel-phase miscibility of

the two lipid components but also provide information about

the relative stability of phosphatidylinositol monophosphate-

enriched domains. The results of these experiments are

indicative of a pH-dependent PC/PI-xP gel-phase immisci-

bility and the question arises whether a similar immiscibility

can also be found in fluid PC/PI-xP phases. To address this

issue, a novel fluorescence resonance energy transfer (FRET)

protocol was developed, which enables the pH-dependent

analysis of PC/PI-xP fluid/fluid immiscibility in unilamellar

vesicles. These FRET measurements furnished results,

which are consistent with the formation of fluid PI-xP-

enriched microdomains for pH �7–9, whereas a lowering of

the pH results in an increased PC/PI-xP mixing.

MATERIALS AND METHODS

Materials

Dipalmitoylphosphatidylinositol (DPPI) was obtained from Matreya

(Pleasant Gap, PA) and was used as received (98%1 purity). Dipalmitoyl-

phosphatidylinositol-3-phosphate (DPPI-3P), -4-phosphate (DPPI-4P), and

-5-phosphate (DPPI-5P) were obtained from Cayman Chemical (Ann Arbor,

MI) and were also used as received (98%1 purity). For comparison, several

experiments were reproduced with the respective phosphoinositides

obtained from Matreya (98%1 purity), Echelon (Salt Lake City, UT;

.95% purity) or A.G. Scientific (San Diego, CA; 99% purity). The integrity

of the samples was confirmed by thin layer chromatography. The results

obtained for samples from all four vendors were in general agreement.

Dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-oleoylphosphati-

dylcholine (POPC), brain phosphatidylinositol-4-phosphate, and acyl chain

perdeuterated dipalmitoylphosphatidylcholine-d62 (DPPC-d62) were ob-

tained from Avanti Polar Lipids (Alabaster, AL) and were used as received

(the purity of the synthetic lipids was 99%). Fluorescently labeled D(1)-

sn-1-O-[1-[6#-[6-[((4-(4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-inda-
cene-3-yl) phenoxy) acetyl) amino]hexanoyl]amino]hexanoyl]-2-hexanoyl-

glyceryl D-myo-phosphatidylinositol 3-phosphate (BODIPY-PI-3P;

excitation ¼ 589 nm; emission ¼ 617 nm) as well as the corresponding

BODIPY-PI-4P and -PI-5P were obtained from Molecular Probes (Eugene,

OR; purity .95%). PC-BODIPY (excitation ¼ 581 nm; emission ¼ 591

nm) was obtained from the same source. Chain-labeled 1-palmitoyl-2-[12-

[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phos-

phocholine (NBD-PC, excitation ¼ 460 nm; emission ¼ 534 nm) as well as

NBD-PA and NBD-phosphatidylglycerol (PG) were obtained from Avanti

Polar Lipids (Alabaster, Al). All buffers (HEPES, MES, CHES), as well as

EDTA and NaCl, were of enzyme grade purity (Fisher Scientific, Chicago,

IL). Buffers had the general composition 100 mM NaCl, 10 mM buffer, 0.1

mM EDTA, and were adjusted to the appropriate pH value by using aqueous

HCl or NaOH, respectively. The buffers were used as follows: pH 9.5

CHES, pH 8.5 and 7.4 HEPES, and pH 6.5 and 5.5 MES. Chloroform and

methanol, which were used to prepare lipid stock solutions, were ACS grade,

whereas the water used for buffer preparation was HPLC grade (all Fisher

Scientific, Chicago, IL).

FIGURE 1 Chemical structures of phosphatidylinositol (PI), phosphati-

dylinositol-3-phosphate (PI-3P), -4-phosphate (PI-4P), and -5-phosphate

(PI-5P).
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Sample preparation

Lipids were stored in chloroform/methanol (2:1) stock solutions. Mixed

multilamellar vesicles were prepared by drying appropriate amounts of the

stock solutions in a stream of dry nitrogen. To avoid lipid demixing due to

solubility differences among the components of the lipid mixture (which has

been shown in some instances to affect the mixing properties in the later

formed vesicles), this drying process was carried out as quickly as possible at

slightly elevated temperatures (�50�C). Subsequently, the samples were

kept overnight in high vacuum at 45�C. The lipid mixtures were resuspended

in the appropriate buffer solution, heated for 5–10 min at �50�C and

vortexed for 60 s. This procedure was repeated two more times. For the DSC

and infrared (IR) measurements these lipid suspensions were used for the

measurement. The final total lipid concentrations were 0.3 mM for the DSC

experiments and 40.6 mM (lipid/water ratio 1:25 w/w) for the FTIR

measurements. For the fluorescence measurements, unilamellar vesicles

were obtained by extruding the multilamellar vesicles at �60�C through

a 100-nm pore size membrane (Avestin, Ottawa, ON). The quality of the

extrusion was checked regularly by Dynamic Light Scattering (HPPS,

Malvern Instruments, Southborough, MA). Typically, a narrow intensity

distribution centered at 110- to 130-nm vesicle diameter was obtained. The

lipid concentration used for the fluorescence experiments was identical to the

DSC measurement concentrations, i.e., 0.3 mM.

Differential scanning calorimetry

DSC measurements of mixed multilamellar vesicles were carried out using

a Microcal VP-DSC (Northampton, MA). The scan rate was 1.0�C/min and

the total lipid concentration was 0.3 mM. A total of four heating/cooling

cycles (4–90�C) were recorded and the third heating scan (fifth scan overall)
was usually found to be representative.

Fourier transform infrared (FTIR)
transmission spectroscopy

FTIR experiments were carried out with a Bruker Equinox Spectrometer

(Billerica, MA) equipped with a broad band MCT detector. Interferograms

were collected at 4 cm�1 resolution (1000 scans), apodized with a Blackman-

Harris function, and Fourier transformed with two levels of zero filling to

yield spectra encoded at 1 cm�1 intervals. Lipid samples (40.6 mM) were

sandwiched between two BaF2 windows (25 mm poly(tetrafluoroethylene)

spacer) and placed in a Wilmad (Buena, NJ) temperature-controlled liquid

cell holder. The sample temperature was monitored by using a thermocouple

attached to an Omega (Stamford, CT) DP 116 thermometer (0.1�C relative

accuracy). The sample temperature was adjusted by using a computer-

controlled thermostated waterbath. The temperature-dependent acquisition

of IR spectra between 4�C and 90�C took �30 h. Before and after

completion of the IR experiment, the samples were checked for proper

hydration by visual inspection and by monitoring the H2O stretching band

intensities. The spectra were processed by using the software supplied by the

instrument manufacturer. The positions of the methylene stretching

vibration bands were determined by calculating the second derivative

followed by a center-of-mass peak pick algorithm. This typically results in

a peak position accuracy of 60.1 cm�1.

Fluorescence resonance energy
transfer measurements

Fluorescence measurements were carried out using a Varian Eclipse

fluorescence spectrometer (Walnut Creek, CA), equipped with a temperature

controlled sample holder. Unilamellar mixed vesicles (0.288 mM total lipid,

85% PC/15% PI-xP) were made as described above and subsequently,

aqueous buffer dispersions of the fluorescently labeled lipids were added to

the preformed unilamellar vesicles. The samples were kept for at least 1 h at

a temperature above the melting transition of the respective lipid mixtures

(i.e., 70�C for saturated lipids, 20�C for unsaturated lipids). The insertion of

the fluorescent lipids into the outer leaflet of the bilayer was monitored based

upon the NBD-PC emission intensity (the NBD dye is nonfluorescent in an

aqueous medium), which reached a steady state �60 min after the addition

of the labeled lipids. The concentration of the respective NBD lipid was 0.6

mol % of the total lipid concentration, while the concentration of the

BODIPY lipid was 0.72 mol %. These concentrations were determined to be

optimal for a minimal transfer in the demixed state and a maximum

resonance energy transfer in the mixed lipid state. The BODIPY-TR

fluorophore (excitation ¼ 589 nm; emission ¼ 617 nm) used for this

investigation is not the best FRET partner for the NBD fluorophore

(excitation ¼ 460 nm; emission ¼ 534 nm). At first glance, BODIPY-TMR

(excitation, 542 nm; emission 574 nm) appears to be a better partner for

NBD because of the more favorable position of the absorption band.

However, a closer inspection of the BODIPY-TMR absorption spectrum

revealed a significant direct excitation of the BODIPY fluorophore for an

excitation wavelength between 440 and 460 nm. In contrast, BODIPY-TR

shows almost no direct excitation at this wavelength. For all FRET

experiments an excitation wavelength of 440 nm was utilized. The labeled

unilamellar vesicles were titrated with 0.1 N HCl from a high to a low pH

value. After each titration step, samples were allowed to equilibrate for at

least 6 min (longer waiting times did not furnish deviating results). The

observed mixing properties of the respective lipid mixture were completely

reversible, i.e., adjustment of the pH back to �10 at the end of the

experiment resulted in similar resonance energy transfer ratios as at the

beginning of the titration. The integrity of the vesicles was checked by

Dynamic Light Scattering after completion of the titrations and no vesicle

fusion or decomposition was detectable.

RESULTS

Differential scanning calorimetry

In Fig. 2, the DSC thermograms of pure DPPC and DPPI

multilamellar vesicles are compared to the respective result

of their 1:1 mixture. The DPPI thermogram shows a small

transition peak at 38.5�C, while the main phase transition is

FIGURE 2 DSC thermograms of DPPC, DPPI, and DPPC/DPPI (1:1)

multilamellar vesicles (0.3 mM total lipid concentration, third heating scan,

heating rate ¼ 1�C/min, pH 7.4, 100 mM NaCl, 10 mM HEPES, 0.1 mM

EDTA).
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located at 40.9�C. The enthalpy associated with this

transition was found to be 7.9 6 0.15 kcal/mol. The DPPI

phase transition temperature and enthalpy were confirmed

with samples from a different supplier (see Materials and

Methods).

In comparison to DPPC, the DPPI main phase transition is

shifted only slightly to lower temperature, but the increased

width of the transition peak indicates a less cooperative

behavior. In the case of DPPC, the small peak at 34.8�C is

associated with a so-called pretransition from a gel to a ripple

phase (Heimburg, 2000) and it is tempting to speculate that

the small peak observed for DPPI at 38.5�C indicates

a similar transition. For the 1:1 DPPC/DPPI mixture, the

main phase transition (Tm) is found close to the Tm of DPPC,

but the pretransition peak is abolished (which is typical for

mixtures) and the cooperativity of the phase transition is

reduced. Due to the similar DPPC and DPPI phase transition

temperatures, it is not possible to judge based upon the DSC

experiments whether or not lipid demixing occurs. The

similar thermotropic behavior of DPPI and DPPC multi-

lamellar vesicles generally indicates that the steric demand of

the inositol ring resembles the spatial requirements of the

phosphocholine headgroup.

The results obtained for DPPI are markedly different from

those reported by Mansour et al. (2001), who found

a surprisingly low Tm of �24.9�C for pure DPPI vesicles

(similar to the Tm value they reported for Soy-PI, which is

rich in unsaturated fatty acids). In contrast, Hanbro et al.

(1992) reported for DMPI vesicles a gel/liquid-crystalline

phase transition temperature of 19–21�C (enthalpy 5.8 6
0.45 kcal/mol). An extension of the acyl chains from C14 to

C16 typically gives rise to a gel/liquid-crystalline phase

transition temperature increase of �15–20�C (Koynova and

Caffrey, 1998), which implies that the phase transition

temperature obtained by Hansbro et al. for DMPI (19–21�C)
fits well the corresponding DPPI phase transition tempera-

ture (40.9�C) reported in this article.

Phosphoinositides usually form in aqueous solution—

depending on pH and salt concentration—micellar or non-

lamellar phases (Takizawa et al., 1998). Therefore, single-

component phosphatidylinositol monophosphate systems

are not suitable as models for biological membranes and

instead phosphoinositide/lipid mixtures have to be used. We

have investigated the thermotropic behavior of mixed DPPC/

DPPI-xP (85:15) multilamellar vesicles for pH values

between 5.5 and 9.5 (Fig. 3). For pH 5.5, the main phase

transition temperature for all three investigated phosphoino-

sitides was at or slightly above the respective phase transition

temperature of pure DPPC. For the DPPI-3P- and DPPI-4P-

containing mixtures a pretransition peak is discernable and

the phase transition appears to be quite cooperative (narrow

phase transition peak), while the phase transition was found

to be less cooperative and the pretransition peak was

abolished in the presence of DPPI-5P. In the case of DPPI-

3P-containing mixtures, an increase of the pH value results

in a gradual shift of the main phase transition temperature

from 41.6�C (pH 5.5) to 40.5�C (pH 9.5). For all pH values,

the main phase transition peak is quite narrow and a pre-

transition peak is clearly visible; however, upon increasing

the pH value the position of the pretransition shifts from

34.5�C to 29.6�C. In the case of the DPPI-4P- and DPPI-5P-
containing mixtures, the phase transitions are less cooper-

ative and the pretransition peak is absent at intermediate pH

levels. The peak width reaches a maximum at pH 8.5 (in the

presence of DPPI-5P a shoulder is found), whereas the

corresponding phase transition temperature is at a minimum

(40.1–40.2�C in both cases). A further increase of the pH

results in a reduced width of the main phase transition peak

and a reappearance of the pretransition peak. Generally, all

DSC experiments showed a good reversibility, i.e., repeated

heating scans matched very well and only a small hysteresis

(difference of the Tm values for heating and cooling scans) is

found (not shown). The use of slower scan rates (0.25�C/
min) did not alter the results.

Infrared spectroscopy

Lipid phase behavior can be studied with FTIR spectroscopy

by monitoring the position of the methylene stretching

vibration bands, which have been shown to shift to higher

wavenumbers as the lipid acyl chains become more

disordered (McElhaney and Lewis, 1995; Mendelsohn and

Snyder, 1996). In binary mixtures, the acyl chain order of the

individual lipids can be analyzed independently by using an

acyl chain deuterated lipid as one of the two components

(Mendelsohn and Moore, 1998), i.e., the acyl chain order of

the deuterated component can be analyzed based upon the

antisymmetric CD2 stretching vibration band (na(CD2)),

whereas the symmetric CH2 stretching band (ns(CH2)) is

used to monitor the acyl chain order of the nondeuterated

lipid. As a result, the extent of lipid demixing (domain

formation) can be analyzed by comparing the temperature-

dependent behavior of the na(CD2) and the ns(CH2) bands.

For the purpose of this study, we used acyl chain deuterated

DPPC-d62 as the deuterated component, which exhibits due

to the isotopic labeling a slightly lower phase transition

temperature than its nondeuterated analog (36.6�C instead of

41.3�C).
Fig. 4 shows the na(CD2) and ns(CH2) band frequencies of

DPPC-d62/DPPI-xP (85:15) mixed multilamellar vesicles as

a function of temperature. For all three DPPI-xP isomers

a complex, pH-dependent phase behavior is observed.

Concurrent with the DPPC-d62 main phase transition, the

DPPI-xP components show a transition over a quite narrow

temperature range, which is followed by a much broader

second transition. The relative magnitude of the two DPPI-

xP phase transitions is pH-dependent and varies among the

different DPPI-xP isomers. For all three DPPI-xP isomers,

the broad high-temperature transition is most pronounced for

pH 7.4 and 8.5 and is almost vanished at pH 5.5. The
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comparison of the different DPPI-xP isomers reveals that the

second transition is most prominent for DPPI-4P, where the

second transition is even reflected in the data points for

the DPPC-d62 component. The temperature ranges of the

second phase transition (DPPI-xP-rich domain) also differ

among the various DPPI-xP lipids; the phase transition of

DPPI-4P is slightly sharper than for the two other isomers

and the endpoint of the transition is the highest (�63�C).
The endpoint of the DPPI-5P phase transition is found at a

slightly lower temperature, whereas the phase transition of

DPPI-3P is completed even below 60�C.
The presence of two transitions in the ns(CH2) versus

temperature plot of the respective DPPI-xP component

indicates incomplete demixing, i.e., some of the DPPI-xP

molecules are in a DPPC-rich environment (phase transition

concurrent with DPPC-d62), whereas a varying amount of

DPPI-xP is sequestered into an individual domain (second

broad transition). In this context it is worth noting that the

infrared spectroscopic characterization of distearoylphos-

phatidylcholine (DSPC)/dimyristoylphosphatidylcholine

(DMPC)-d54 mixed vesicles (Leidy et al., 2001) also

furnished results consistent with gel/fluid coexisting phases

of varying composition.

At first glance, the IR and DSC results appear to be in

disagreement, because the high-temperature transitions of

the DPPI-xP components found in the IR experiments cannot

be identified in the calorimetric measurements. Even a 20-

fold enhancement of the total lipid concentration (resulting in

0.9 mM of phosphoinositide) did not furnish any clear

transition above 43�C in the DSC thermograms (a further

concentration increase would be cost prohibitive). However,

it is not uncommon that such broad transitions are elusive,

particularly taking into account the low concentration of the

phosphoinositide component (Leidy et al., 2001). This

implies that the phase transition peak found in the DSC

thermograms represents in the majority the DPPC compo-

nent and should be compared to the IR data acquired for

DPPC-d62. Although the phase transition temperatures from

the two types of measurements cannot be directly compared

(the isotopic labeling of DPPC results in a Tm shift), the

width of the transition and the relative temperature shift of

the phase transition should be comparable (though it should

FIGURE 3 DSC thermograms of

DPPC/DPPI-xP (85:15) mixed multi-

lamellar vesicles as a function of pH

value (0.3 mM total lipid concentra-

tion, third heating scan, heating rate ¼
1�C/min, 100 mMNaCl, 10 mM buffer,

0.1 mM EDTA, see Materials).
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be noted that the phase transition of pure DPPC-d62 vesicles

is slightly broadened in comparison to proteated DPPC). The

DSC thermograms of the DPPC/DPPI-3P mixed vesicles are

characterized by a narrow transition peak, which shifts from

41.6�C to 40.5�C as the pH value is increased (Fig. 3).

Similarly, the IR data reveal a quite narrow transition of the

DPPC-d62 component and a shift to lower temperatures as

the pH is decreased. For DPPC/DPPI-4P narrow DSC peaks

are found for pH 5.5 and 9.5, respectively, and broadened

peaks for pH 6.5–8.5. This is also reflected in the cor-

responding IR data, which show for pH 6.5–8.5 an extended

transition region for the DPPC-d62 phase transition and a

shift to lower temperatures.

In the course of our experiments it turned out that

the reproducibility of the relative magnitude of the two

transitions was dependent on an accurate control of the

sample preparation conditions (each experiment was repeated

at least three times). The time the multilamellar vesicles were

tempered at high temperature before the IR experiment was

started was a particularly important factor. If this curing time

FIGURE 4 Methylene stretching band frequencies versus temperature for DPPC-d62/DPPI-xP (85:15) mixed multilamellar vesicles. (n) ns(CH2) of DPPI-xP

(left axis); (s) na(CD2) of DPPC-d62 (right axis). Total experiment time¼ 30 h. Total lipid concentration¼ 40.6 mM. Buffer¼ 100 mMNaCl, 10 mM buffer,

0.1 mM EDTA.
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was too short, the DPPI-xP component entered the phase

transition concurrent with DPPC-d62; however, after com-

pletion of �30% of the phase transition, lipid demixing

occurred and the phosphoinositide methylene stretching band

frequencies dropped to a significantly lower value (indicating

an improved acyl chain order). Subsequently, the DPPI-xP

component entered the broad high-temperature transition,

whereas the DPPC-d62 phase transition behavior appeared to

be largely unaffected by the apparent demixing event. Such

a sudden reduction of the methylene stretching band

frequencies throughout the phase transitionwas also observed

for DSPC in DMPC-d54/DSPC mixed vesicles (Leidy et al.

2001) and was attributed to dynamic demixing in the phase

transition.

The IR results show that in the temperature range between

;40 and 60�C, phosphatidylinositol monophosphate-

enriched gel-phase domains are present within a fluid

DPPC-d62-rich surrounding phase. The formation of these

ordered domains appears to be highly pH-dependent and the

gel/liquid-crystalline phase transition temperatures of the

DPPI-xP-rich domains are significantly higher than those

found for DPPI vesicles. These two observations indicate

that the respective phosphomonoester group contributes

significantly to the stability of the phosphoinositide-rich

domain. Furthermore, the position of the phosphomonoester

group at the inositol ring appears to influence the magnitude

of this stabilization because the phase transition temperatures

of DPPI-4P-rich domains are markedly higher than the cor-

responding values of the DPPI-3P-rich domains.

Physiological phosphoinositide concentrations are well

below the 15% phosphoinositide concentration used for the

IR experiments described above. To test whether the observed

formation of phosphoinositide-enriched domains is caused by

these quite high concentrations, we repeated the IR experi-

ments for the DPPC-d62/DPPI-4P mixture at pH 7.4 for 10%,

5%, and 3% DPPI-4P (Fig. 5). The high-temperature tran-

sition of the phosphoinositide component is clearly visible,

while the low-temperature transition shrinks as the DPPI-4P

content is being lowered. Even for 1% DPPI-4P, the high-

temperature transition was still discernable, though the scatter

of the data becomes quite pronounced due to a poor signal/

noise ratio (not shown). As expected, the reduction of the

DPPI-4P concentration increases the cooperativity of the

DPPC-d62 gel/liquid-crystalline phase transition and moves

the phase transition close to the temperature found for pure

DPPC-d62. These results indicate that a relative reduction of

the DPPI-4P concentration is accompanied by a more com-

plete demixing of the two lipid components.

Fluorescence resonance energy
transfer measurements

Fluorescence quenching and resonance energy transfer

methods have been widely used to study microdomain

formation in biological model membrane systems (London,

2002). Both techniques usually rely on the preferential

enrichment of the respective fluorescently labeled molecules

in either the ordered microdomains or the disordered ambient

phase. In the case of FRET measurements, co-localization of

the two fluorophores results in maximum energy transfer,

while the opposite is observed when the two labeled mole-

cules partition into different phases. This differential enrich-

ment is usually achieved by using probe molecules with

different spatial requirements, e.g., N-(lissamineTM-rhoda-

mine B)-dimyristoylphosphatidylethanolamine (Rh-DMPE)/

NBD-DMPE (Leidy et al., 2001; Loura et al., 2001; Stillwell

et al., 2000) or DiO-C18:1/DiI-C20:0 (Feigenson and

Buboltz, 2001). The aforementioned measurements were

aimed at the characterization of acyl chain-induced lipid par-

titioning, whereas this study is concerned with the charac-

terization of headgroup-driven microdomain formation.

FIGURE 5 Methylene stretching band frequencies versus temperature for

DPPC-d62/DPPI-4P mixed multilamellar vesicles for 15%, 10%, and 3%

DPPI-4P concentration. (n) ns(CH2) of DPPI-4P (left axis); (s) na(CD2) of

DPPC-d62 (right axis). Total experiment time ¼ 30 h. Total lipid

concentration ¼ 40.6 mM. Buffer ¼ pH 7.4, 100 mM NaCl, 10 mM

HEPES, 0.1 mM EDTA.

2986 Redfern and Gericke

Biophysical Journal 86(5) 2980–2992



Therefore, a different experimental strategy was employed by

using acyl chain-labeled lipid molecules with headgroups

matching the two components of the respective binary lipid

mixture. From the point of view of chain composition, both

labeled lipid molecules prefer to enrich in the most fluid

phase. These preferences are expected to be altered by strong

interactions in the headgroup moiety, which should result in

co-localization of headgroup-matched unlabeled and labeled

lipid molecules. Such a behavior would increase the distance

between the two types of labeled lipid molecules and,

therefore, a reduction of the resonance energy transfer should

occur. To avoid trans bilayer energy transfer and to enable pH
titration, the labeled lipids were fused into the outer leaflet of

the bilayer by adding them as aqueous dispersions to the

preformed unilamellar mixed vesicles. All experiments were

carried out at 70�C, i.e., well above the gel/liquid-crystalline
phase transition of all investigated mixtures. In all cases, we

used NBD as the donor and BODIPY as the acceptor

fluorophores (see Materials and Methods).

To test the validity of the described experimental

approach, three systems of known mixing behavior were

investigated (Fig. 6). For a phosphatidylcholine-only system,

DPPC/NBD-PC/BODIPY-PC, a pronounced energy transfer

was found (high acceptor/donor emission ratio), which

indicates that the amount of labeled lipids inserted into the

vesicles is sufficient for energy transfer to occur. The energy

transfer increases slightly as the pH is being decreased. It is

important to note that a solution of the two labeled lipids

alone showed no NBD and only a minute BODIPY emission

(in contrast to NBD, BODIPY is fluorescent in an aqueous

environment and the small emission intensity is due to minor

direct excitation of the fluorophore). To test whether the

experimental protocol is suitable for the identification of pH-

dependent microdomain formation, we investigated DPPC/

dipalmitoylphosphatidylglycerol (DPPG) and DPPC/DPPA

(both 85:15) mixtures in the liquid-crystalline phase (T ¼
70�C). For both systems, the mixing properties in the liquid-

crystalline phase have been investigated by Blume and co-

workers, who found, based upon calorimetric measurements,

that DPPC and DPPG mix almost ideally at pH 7, whereas at

pH 2 a more or less pronounced clustering of like molecules

occurs (Garidel et al., 1997b). For the DPPC/DPPA mixture

they observed preferred DPPC/DPPA interaction at pH 7 and

demixing at about pH 4 (Garidel et al., 1997a). The FRET

data presented in Fig. 6 B are largely in agreement with these

findings (Fig. 6 A shows the fluorescence emission spectra

for the respective mixture at pH �7.4). For the DPPG/DPPC

mixture (labeled with NBD-PG/BODIPY-PC), a high energy

transfer is observed for pH values between 3 and 10, while

the acceptor/donor ratio is slightly diminished for pH 2. The

DPPA/DPPC system (NBD-PA/BODIPY-PC) exhibits an

enhanced transfer ratio at pH 8–10, whereas toward lower

pH values an increasingly pronounced lipid demixing is

observed (characterized by a lower transfer ratio). Consid-

ering the low ionic strength utilized in the experiments by

Blume and co-workers (which results in lipid demixing at

higher pH values than for higher ionic strengths (Garidel

et al., 1997a)), the DPPC/DPPA mixing properties derived

from the FRET data agree well with the respective mixing

properties obtained from the calorimetric measurements.

It is important to note that the partitioning of the labeled

PG or PA lipid is governed by mutual headgroup inter-

actions, whereas in the case of the labeled PC lipid the

preferences are largely determined by the bulky properties of

the acyl chains, i.e., the lipid prefers a disordered environ-

ment. It cannot be ruled out that small amounts of the labeled

PC lipid partition into PA- or PG-rich microdomains because

the order differences between these domains and the sur-

rounding PC phase will most likely be modest. As a conse-

FIGURE 6 (A) Fluorescence spectra for various lipid mixtures at pH�7.4

(70�C, total lipid concentration¼ 0.3 mM). (Dotted line) DPPC labeled with

NBD-PC (0.6 mol %) and BODIPY-PC (0.7 mol %); (dashed line) DPPC/
DPPA (85:15) labeled with NBD-PA (0.6 mol %) and BODIPY-PC (0.7 mol

%); (solid line) DPPC/DPPG (85:15) labeled NBD-PG (0.6 mol %) and

BODIPY-PC (0.7 mol %). Buffer¼ 100 mMNaCl, 10 mMHEPES, 0.1 mM

EDTA. Labeled lipids were fused into the outer leaflet of the preformed

unilamellar vesicles. (B) Corresponding ratios of the acceptor (�591 nm)

and donor (�534 nm) emission intensities as a function of pH. (h) PC/PC;

(d) PA/PC; (:) PG/PC.
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quence, even in cases with a pronounced lipid demixing

some residual energy transfer is likely to occur and the trans-

fer ratios will be larger than zero. However, the FRET results

(see also below) show that the transfer ratio difference

between the mixed and demixed lipid state is sufficient to

monitor headgroup-dependent microdomain formation.

Fig. 7 A shows the fluorescence spectra for DPPC/DPPI-

3P (85:15) labeled with NBD-PC (0.6 mol %) and BODIPY-

PI-3P (0.7 mol %) as a function of pH value. It can clearly be

seen that the acceptor emission intensity is low at high pH

and increases as the pH is lowered, i.e., at high pH DPPI-3P-

rich microdomains are apparently formed. Fig. 7 B displays

the fluorescence spectra for the DPPC/DPPI and DPPC/

DPPI-xP mixtures at pH �7.4, whereas Fig. 7 C shows the

acceptor/donor emission ratios for mixed vesicles composed

of DPPC and DPPI, DPPI-3P, DPPI-4P, or DPPI-5P (85:15;

all samples were labeled with NBD-PC and BODIPY-PI or

BODIPY-PIxP; x ¼ 3, 4, or 5).

For the DPPC/DPPI vesicles, the transfer ratio increases

from �0.7 (pH.6.5) to �1.1 (midpoint of the transition pH

�5.4). The observed fluorescence intensities in the raw

spectra showed a typical magnitude (Fig. 7 B), which

indicates that the labeled lipids inserted well into the

preformed vesicles and therefore, the low transfer ratios in-

dicate pronounced demixing at pH values.6.5. Although at

lower pH the lipids appear to be slightly better mixed (higher

transfer ratio), it is important to note that the transfer ratio is

still characteristic of a largely demixed state.

For all DPPC/DPPI-xP mixtures, the acceptor/donor

emission ratios are small for high pH values, while at low

pH the ratios are significantly enhanced. The transition from

the demixed (low ratio) to the mixed state (high ratio) occurs

between pH �7.2 and �4.8 (midpoint pH �5.9–6.0) and

was found to be fully reversible. The midpoint of this

transition appears to be largely independent of the position of

the phosphomonoester group at the inositol ring (i.e., for all

DPPI-xP isomers the same pH dependence was found). In

comparison to the DPPC/DPPI mixed vesicles, the midpoint

is found at slightly higher pH values (pH 5.9 vs. pH 5.4) and,

most importantly, the acceptor/donor emission ratios at low

pH are significantly higher for the DPPC/DPPI-xP mixtures.

In fact, the ratios are comparable to those observed for the

single-component phosphatidylcholine vesicles (see Fig. 6

B), which implies that the DPPC and DPPI-xP lipids are

mixed at low pH. It is important to stress that all experiments

were carried out at 70�C, i.e., the lipid mixtures were in the

liquid-crystalline state and the observed microdomain for-

mation can be attributed to a fluid/fluid demixing event.

FIGURE 7 (A) Fluorescence spectra for DPPC/DPPI-3P (85:15) mixed

vesicles labeled with 0.6 mol % NBD-PC and 0.7 mol % BODIPY-PI-3P

(0.3 mM total lipid concentration, 70�C). Labeled lipids were fused into the

outer leaflet of the preformed unilamellar vesicles. Lipid suspensions were

titrated with 0.1 M HCl from pH 10 to 3.5 in steps of �0.3. Buffer ¼ 100

mM NaCl, 10 mM HEPES, 0.1 mM EDTA. (B) Fluorescence spectra for

DPPC/DPPI and DPPC/DPPI-xP (85:15) mixed vesicles (pH �7.4, total

lipid concentration ¼ 0.3 mM, 70�C). Labeled NBD-PC (0.6 mol %) and

BODIPY-PI or BODIPY-PI-xP (0.7 mol %), respectively, were fused into

the outer leaflet of the preformed unilamellar vesicles. (C) Corresponding

ratios of the acceptor (�617 nm) and donor (�534 nm) emission intensities

as a function of pH. ()) PI/PC; (h) PI-5P/PC; (s) PI-4P/PC; (D) PI-3P/PC.
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Although the above experiments were conducted at

a temperature which is commensurate with a fluid lipid state,

the saturated chains of the lipid molecules might still aid the

formation of phosphoinositide-enriched microdomains. To

test whether fluid/fluid demixing also occurs for PC/PI-xP

mixtures with natural chain compositions, we repeated the

above experiments with POPC/brain PI and POPC/brain PI-

4P mixtures (the brain PI and PI-4P acyl chain composition is

characterized by a high degree of unsaturation). In both cases,

the data agree well with the corresponding results for the

lipids with saturated chains (Fig. 8). This implies that natural

chain PI-4P forms at physiological pH microdomains, which

apparently disintegrate as the pH level is being lowered.

Presently, PI-3P and PI-5P are not commercially available

with natural chain composition, but based upon the results

presented for the saturated chain analogs, it is very likely that

natural chain PI-3P and PI-5P also form microdomains at

pH .7.

As noted above, physiological phosphoinositide concen-

trations are considerably lower than the concentrations used

for the described FRET experiments. To test whether lower

phosphoinositide percentages also furnish microdomain for-

mation at high pH values, we investigated the POPC/brain PI-

4P system with 10%, 5%, and 2% phosphoinositide content

(not shown). In all cases, we observed the same pH depen-

dence of the transfer ratios as found for 15% phosphoinositide

content. However, the validity of the experiments with 2%

PI-4P concentration is limited because the ratio of labeled/

unlabeled PI-4P becomes almost 1:1 (to achieve a sufficient

energy transfer in the completely mixed state, the amount of

labeled PI-4P had to be fixed at 0.7 mol % total lipid).

DISCUSSION

Phosphatidylcholine/phosphatidylinositol
mixed vesicles

The FRET experiments revealed for pH values .6 a distinct

formation of DPPI-enriched microdomains, which appears to

be slightly altered for smaller pH values. For PI lipids with

unsaturated chains, PC/PI demixing is clearly observed and

the pH dependence is even less pronounced than for the

corresponding case with the saturated acyl chains. The DSC

experiments provided novel information about the DPPI

phase behavior; however, due to the similar DPPI and DPPC

phase transition temperatures, the mixing behavior of these

two lipids cannot be investigated by DSC.

It is interesting to compare the results obtained for PI to

those for PG, because both molecules have a phosphodiester

as well as hydroxyl groups. For PG, the FRET data are

consistent with amixed PC/PG phase at high pH, while below

pH 3 demixing occurs. Blume and co-workers (Garidel et al.,

1997b) found a similar behavior in their calorimetric mea-

surements and argued that at high pH PC/PG complexes are

being formed due to charge repulsion between PG head-

groups. At low pH, the phosphodiester group becomes partly

protonated and hydrogen bond formation between adjacent

phosphodiester groups becomes feasible and therefore, an

enhanced mutual PG interaction (resulting in PC/PG demix-

ing) is observed. In the case of PI, the repulsive effect of the

phosphodiester group at high pH is apparently overcome by

intermolecular hydrogen bond formation between adjacent

hydroxyl groups and/or between the phosphodiester and

hydroxyl groups. This observation sets phosphatidylinositol

apart from phosphatidylglycerol, where the involvement of

the hydroxyl groups in the mutual interaction is minor (most

likely due to an unfavorable steric arrangement).

The FRET transfer ratios are indicative of a largely

demixed PC/PI state for all pH values. However, the slight

pH dependence of the mutual PI interaction is unexpected

and cannot be attributed to an increased protonation of the

phosphodiester group (the respective pKa value is ;2.5–3;

Abramson et al., 1968). Instead, the increased proton

concentration apparently affects the electrostatic environ-

ment of the inositol ring, which might cause a change in the

protonation pattern of the inositol ring hydroxyl groups and

as a consequence, a slightly reduced intermolecular hydro-

gen bond formation. In this context it is worth mentioning

that infrared studies by Carrier and Wong (1996) highlight

the importance of the inositol ring hydroxyl groups as well as

headgroup bound water molecules for the mutual phospha-

tidylinositol interaction.

Phosphatidylcholine/phosphatidylinositol
monophosphate mixed vesicles

The experiments presented above were designed to inves-

tigate the pH-dependent formation of phosphatidylinositol

FIGURE 8 Ratios of the acceptor (�617 nm) and donor (�534 nm)

emission intensities as a function of pH for brain POPC/PI and brain POPC/

PI-4P (85:15), respectively (total lipid concentration ¼ 0.3 mM, 20�C).
Labeled NBD-PC (0.6 mol %) and BODIPY-PI or BODIPY-PI-4P (0.7 mol

%), respectively, were fused into the outer leaflet of the preformed

unilamellar vesicles. (n) PI/PC; (s) PI-4P/PC.
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monophosphate-enriched microdomains. The IR transmis-

sion measurements investigated the pH-dependent stabili-

zation of phosphatidylinositol monophosphate-enriched gel

phases, whereas the FRET experiments explored the pH-

dependent fluid/fluid demixing of PC/PI-xP mixed vesicles.

The results from both techniques clearly support the notion

of a pH-dependent PC/PI-xP demixing, which is most

pronounced for pH 7–9.5. Based upon the pKa2 of micellar

PI-4P (6.3; van Paridon et al., 1986), it can be assumed that

the phosphomonoester groups of the respective PI-xP are

largely deprotonated (double-negatively charged) for the pH

range where the strongest mutual interaction is found. In this

context it is worth mentioning that the respective pKa2 values

will be influenced by the position of the phosphomonoester

group at the inositol ring. For micellar PI-4,5-P2, the 4#
position exhibited a pKa2 value of 6.7, whereas for the 5#
position the pKa2 equaled 7.6 (van Paridon et al., 1986).

Similar dependencies of the pKa2 values were found for

inositol phosphates (Schlewer et al., 1999). Although these

pKa2 variations are expected to modulate slightly the mu-

tual phosphatidylinositol monophosphate interaction, it can

be safely assumed that at high pH (pH 8–9) the phospho-

monoester group is largely deprotonated for all PI-xP

derivatives.

The increased mutual interaction of phosphatidylinositol

monophosphates above the pKa2 of the respective phospho-

monoester group is in contrast to the results obtained for

phosphatidic acid, where a stabilization of the gel phase was

found between the pKa1 and pKa2 of the phosphomonoester

group (Eibl, 1983). In this case, the enhanced gel-phase

stability was attributed to the formation of a hydrogen bond

network between adjacent phosphomonoester groups (Eibl,

1983), i.e., the phosphomonoester group functions as

a hydrogen donor and acceptor. In the case of phosphatidyl-

inositol monophosphates the mutual interaction is maxi-

mized for a largely deprotonated phosphomonoester group,

i.e., the phosphomonoester group cannot donate a hydrogen

atom for the potential formation of a hydrogen bond network

and an interaction between phosphomonoester groups of

adjacent molecules can be ruled out as a stabilizing factor of

PI-xP-enriched domains. Furthermore, the high headgroup

(��3) charge should result in strong repulsive forces

between the PI-xP headgroups and in contrast to what is

observed, a mixed PC/PI-xP state should be favored. This

unfavorable interaction is apparently overcome by hydroxyl

group as well as hydroxyl/phosphodiester group interactions.

Furthermore, the results obtained by IR spectroscopy

indicate a stronger gel-phase stabilization (higher melting

temperature) for PI-xP than for PI, which implies that

phosphomonoester/hydroxyl group interactions provide

additional stability to PI-xP-enriched microdomains.

For pH ,5, the PI-xP phosphomonoester groups are

partially protonated and the charge repulsion is generally

expected to be reduced, which should lead to a stronger PI-xP

mutual interaction and a more pronounced PC/PI-xP demix-

ing. However, the data presented in this study clearly suggest

the opposite, i.e., at low pH the mutual PI-xP interaction is

diminished and considering the strong FRET transfer one

might even suggest that PI-xP repulsive forces are dominating

(which would result in PC/PI-xP mixing due to a favored

interaction between unlike molecules). Presently the reasons

for this behavior can only be speculated about, but it appears

that the increased interfacial proton concentration reduces

the ability of the inositol ring hydroxyl groups to participate

in intermolecular hydrogen bond formation. In addition,

hydrogen bond formation between adjacent phosphomo-

noester groups, as postulated for phosphatidic acid, is even for

appropriate pH values (around pH 4) not a contributing factor

for the mutual PI-xP interaction. Such an interaction would

most certainly result in the formation of PI-xP-rich domains,

which can be ruled out for pH values ,5 based upon the IR

and FRET measurements. Apparently, it is unfavorable for

phosphatidylinositol monophosphates to adopt an inositol

ring orientation that enables hydrogen bond formation

between adjacent phosphomonoester groups.

This study was partly driven by the hypothesis that the

position of the phosphate group at the inositol ring is a crucial

factor for the mutual interaction of phosphatidylinositol

monophosphates. The FRET results did not furnish results

in support of this hypothesis because all three investigated

PI-xP lipids showed a similar pH-dependent mixing

behavior with phosphatidylcholine. However, the IR experi-

ments revealed significant differences in the stability of the

PI-xP-rich gel phase. This stabilization was most pro-

nounced for DPPC/DPPI-4P mixed vesicles, which showed

at pH 8.5 (Fig. 5) the most complete demixing and the

highest phase transition temperature for the DPPI-xP

component (endpoint of the phase transition �63�C). In

contrast, DPPC/DPPI-3Pmixed vesicles exhibited a narrower

DSC peak (Fig. 3), the IR experiments revealed a less

pronounced separation of the DPPC-d62 and DPPI-3P phase

transitions, and the endpoint of the DPPI-3P phase transition

(�58�C) was lower than for DPPI-4P. The corresponding

measurements for the DPPC/DPPI-5P mixtures showed with

respect to DPPI-3P a larger, and in comparison to DPPI-4P,

a reduced gel-phase stability. It is tempting to speculate that

the relative gel-phase stability (DPPI-4P . DPPI-5P .
DPPI-3P) manifests itself also in the stability of fluid PI-xP-

rich microdomains. Considering that the pH dependence of

the DPPC/DPPI-xP gel-phase miscibility was paralleled by

the pH dependence of the fluid/fluid PC/PI-xP demixing, it

appears to be likely that the stability of the fluid PI-xP

microdomains follows the same order, i.e., PI-4P. PI-5P.
PI-3P. Although it bears some risks to compare absolute

methylene stretching band frequencies between different

lipid systems, it is worth noting that the ns(CH2) band

frequencies for DPPI-4P in the fluid state (.63�C) are lower
than the corresponding values for DPPI-3P and DPPI-5P (see

Fig. 4, pH 8.5), which is in general agreement with the

above-postulated stability differences of PI-xP domains.
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In recent years, sphingolipid- and cholesterol-enriched

microdomains (rafts) have received considerable attention

because of their apparent involvement in a variety of im-

portant signaling processes. The formation of such rafts is

driven by interactions in the hydrophobic moiety, i.e., due to

the presence of cholesterol, solid-phase sphingolipid domains

are transformed into liquid-ordered domains. In contrast to

this chain-driven event, phosphatidylinositol monophosphate

microdomain formation is a headgroup dominated process

and the presence of cholesterol might aid but is not required

for the domain formation. For the description of PI-xP-rich

domains in the fluid state (i.e., DPPC/DPPI-xP mixtures at

high temperatures or natural chain PI-4P/POPC), the term

‘‘liquid-ordered domain’’ was intentionally avoided because

the structural and morphological properties of these domains

are largely unknown. However, hydrogen bond formation

between adjacent PI-xP headgroups is expected to result in

a decreased lateral mobility and, therefore, an enhanced

positional order.

The preferential enrichment of phosphatidylinositol mono-

phosphates in organized domains has been highlighted

as a key factor for a variety of physiological functions

(Miaczynska and Zerial, 2002) and the results presented

above suggest that mutual phosphatidylinositol monophos-

phate interaction might be an important aspect for in vivo

domain formation. For example, it has been shown that

a considerable part of the phosphoinositide pool in eryth-

rocytes is metabolically inaccessible to phosphoinositide-

specific phosphatases and kinases (King et al., 1987; Müller

et al., 1986). Müller et al. (1996) studied the effect of

intracellular pH on the turnover of PI-4P phosphomonoester

groups and found for pH 6.7 that�70% of the PI-4P pool was

enzyme accessible, whereas at pH 7.8 this value dropped to

�40%. It appears to be likely that this reduction in enzyme

accessible PI-4P is a reflection of an increased domain

formation at pH 7.8, which would be consistent with the

enhanced mutual interaction of PI-4P found for that pH range

in this study. Phosphatidylinositol-3-phosphate has been

identified as a key domain organizer in the endocytic pathway

(Miaczynska and Zerial, 2002), which is characterized by

progressive lowering of the luminal pH. Although PI-3P is

initially not exposed to the low luminal pH in late endosomes,

the reducedmutual PI-3P interactionmight be of relevance for

subsequent degradation processes of the internal membranes

of this multivesicular organelle (Kobayashi et al., 2002).

CONCLUSIONS

This study provides evidence that the mutual interaction of

phosphatidylinositol monophosphates is pH-dependent and

between pH �7 and �9.5 results in the formation of PI-xP-

enriched microdomains. The formation of these micro-

domains was observed for lipid mixtures in the gel phase as

well as for natural chain lipids in the fluid phase. The PI-xP-

enriched microdomains are presumably stabilized by a hy-

drogen bond network, which utilizes the inositol ring hydro-

xyl groups as hydrogen donors, while the phosphomonoester,

-diester, and accessible hydroxyl groups in adjacent mole-

cules function as acceptors. An important aspect of themutual

phosphatidylinositol monophosphate interaction is its appar-

ent weakening for slightly acidic pH levels (pH �4), which

results in the disintegration of phosphatidylinositol mono-

phosphate-enriched microdomains. While the pH depen-

dence of the mutual phosphatidylinositol monophosphate

interaction was largely the same for all investigated phos-

phatidylinositol monophosphates, it turned out that the rela-

tive stability of PI-xP-enrichedmicrodomains (pH 7–9.5) was

governed by the position of the phosphomonoester group at

the inositol ring (PI-4P . PI-5P . PI-3P).

The results presented in this article highlight the impor-

tance of headgroup interactions for lipid microdomain forma-

tion. Experiments in cellular systems will be needed to judge

how much the observed mutual interaction contributes to the

in vivo stabilization of phosphatidylinositol monophosphate-

enriched microdomains, but obviously such interactions are

potentially an important aspect for phosphoinositidemediated

protein functions which deserve increased attention.
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