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ABSTRACT: Bis(monoacylglycero)phosphate (BMP) reveals an unusodlsn1' stereoconfiguration of
glycerophosphate. We synthesizre(3-myristoyl-2-hydroxy)glycerol-1-phosphenr-1'-(3'-myristoyl-2 -
hydroxy)glycerol (1,1-DMBMP) and characterized the thermotropic phase behavior and membrane
structure, in comparison with those of the correspondimg:sn1' sterecisomer (3,ADMBMP), by means

of differential scanning calorimetry (DSC), small- and wide-angle X-ray scattering (SAXS and WAXS,
respectively), pressurearea ff—A) isotherms, epifluorescence microscopy of monolayers, and molecular
dynamics (MD) simulations. In DSC, these lipids exhibited weakly energetic broad peaks with an onset
temperature of 9C for 1,2-DMBMP and 18°C for 3,1-DMBMP. In addition, a highly cooperative,
strongly energetic transition peak was observed4Q °C for 1,X-DMBMP and~42 °C for 3,X-DMBMP.

These results are supported by the observation thaDMBMP exhibited a larger phase transition pressure
(7rc) than 3,1-DMBMP. Small- and wide-angle X-ray scattering measurements identified these small and
large energetic transitions as a quasi-crystalling) {tquasi-crystalline with different tilt angle (k) phase
transition and an —L, main phase transition, respectively. X-ray measurements also revealed that these
DMBMPs undergo an unbinding at the main phase transition temperature. The MD simulations estimated
stronger hydrogen bonding formation in the'SXMBMP membrane than in 1 DMBMP, supporting

the experimental data.

Bis(monoacylglycero)phosphate, also known as lysobis- Because of the high level of accumulation in late endosomes,
phosphatidic acid (LBPA), was first described in pig and BMP is assumed to be important for the structural and
rabbit pulmonary alveolar macrophages by Body and Gray functional integrity of the organelle. Indeed, a series of
(1). BMPs comprise less than 1% of the total phospholipids experiments has demonstrated that agents that perturb BMP
in most mammalian cells2( 3). However, the content is  induce alterations in the sorting and trafficking of proteins
increased to 15% in late endosome®. (In the specific  and/or the receptor in late endosomes accompanied by
internal membrane domains of this organelle, this lipid structural changes of the late edonsome organgl® @long
comprises more than 70% of the total phospholipils ( with abnormal accumulation of cholesterdl).(Moreover,
BMP is found to be essential for the activator-stimulated
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However, recent work has revealed the existence of phos-

pholipase A that catalyzes the hydrolysis of naturally
occurring BMP 22). Considering the high level of ac-

cumulation of BMP in late endosomes, it is suggested that

the specific stereoconfiguration of BMP plays an important
role in the function of degradative organelles which are
forming characteristic multilamellar/multivesicular structures.

To elucidate the functional role of BMP in late endosomes,
determination of the biophysical characteristics of this lipid

is a prerequisite. Such biophysical studies have just started
recently. Holopainen et al. investigated the membrane

properties of dioleoyl-BMP (DOBMP) by means of Lang-
muir-lipid monolayers, electron microscopy, differential

scanning calorimetry (DSC), and fluorescence spectroscopy

(23). They found DOBMP forms multilamellar vesicles with

no structural transitions or phase transitions between 10 and

80 °C over a pH range of 3:07.4. They also found no

evidence of lateral phase separation in both DOBMP/DPPC

and DOBMP/POPC mixtures in 5 mM HEPES and 0.1 mM
EDTA (pH 7.4). Matsuo et al. found that BMP can induce
the formation of multivesicular liposomes that resemble the
multivesicular endosomes where this lipid is found in vivo.
They also reported that the formation of the multivesicular
liposomes depends on the acyl chain composition of BMP
and the position of esterification in the glycerophosphate
backbone 24). We recently reported that DOBMP mem-
branes form a closely packed multilamellar structure at low
pH by adding the hydrophobic aminesthreo-1-phenyl-2-
decanoylamino-3-morpholino-1-propana-PDMP) 25).
We also showed that this interaction between BMP and
D-PDMP is a major cause of the structural alteration of the
degradative organelles found inRPDMP-treated cells and
the accumulation of cholesterol in these organelles.

The goal of this study is to characterize the thermotropic
and structural behavior of chemically synthesized'-1,1
DMBMP and to compare the obtained results with those of
the sn3:snl' isomer. We employed the established tech-
niques of DSC, X-ray scattering;—A isotherms, epifluo-
rescence microscopy of lipid monolayers, and MD simula-
tions. Although naturally occurring BMP in mammals favors
the sn1:snl' headgroup configuration rather than the
3:snl' configuration, the similarities or differences in the
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Ficure 1: Structure of BMP employed in this study: (a) '3,3
dimyristoyl-sn1,1-BMP (1,2-DMBMP) and (b) 1,3-dimyristoyl-
sn3,1-BMP (3,2-DMBMP). 1,2-Dimyristoylsn-glycero-3-phospho-
1'-glycerol, a structural isomer of BMP, is shown in panel c.

MATERIALS AND METHODS

(o]
OH
I

Materials

sn(3-Myristoyl-2-hydroxy)glycerol-1-phosphsa-1'-(3'-

physicochemical properties between these two headgroupmyristoyl-2-hydroxy)glycerol (1, :DMBMP) (Figure 1) was
structures have not been described. The acyl chain locationprepared according to the published meth28) with a slight

of natural BMPs, namely, a&n2(2) or sn3(3) positions,

modification in the protection ofS)-2-(diphenylmethyl-

has not been established. However, a recent study hassilyl)ethylbisGn-glycerol)phosphate. The primary alcohol of

suggested that BMPs prefen-2:sn2' acyl chain positions
(5). In this study, to focus on the effects of headgroup
configuration on the thermotropic phase behaviors of BMP,
thermodynamically stable 3;3and 1,3-diacyl BMPs were
employed since 2;iacyl BMP is quite unstable due to 2,3-
acyl migration. Although the lipid containing two saturated
fatty acids is a minor molecular species in naturally occurring

BMP, DMBMP enables us to compare the stereoisomers of

BMP using various physicochemical techniques at physi-
ological temperature. Here we show that YMBMP packs
more tightly than 1,lisomer. These findings are discussed
in relation to the effect of the stereoconfiguration on the
molecular packing of these lipids, particularly on intermo-
lecular hydrogen bonding and hydration in the interfacial
region of the BMP bilayer.

this compound was protectedtast-butyldiphenylsilyl ethers
using the preformed silylating reagefj. Deprotection in
the final step of synthesis with tetrabutylammonium fluoride
(TBAF) in tetrahydrofuran (THF) was accompanied by a
simultaneous migration of the acyl groups from #me2 to
sn3 position, giving rise to 3,2dimyristoylsn1,1-BMP
(26).

1,3-Dimyristoyl-sn3,1'-BMP (3,2-DMBMP), 1,2-dipal-
mitoyl-sn-glycero-3-phospheoac-1-glycerol (DPPG), and
1,2-dimyristoylsn-glycero-3-phosphoethanolamine (DMPE)
were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). The purity of the lipids was checked by thin-layer
chromatography (TLC), and only one spot was detected on
the TLC plate (Kieselgel 60, Merck). Lipids were quantified
with the method of Rouser et al2)( 2-(4,4-Difluoro-5,7-
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dimethyl-4-bora-3a,4a-diazaindacene-3-dodecanoyl)-1-
hexadecanoys$nglycero-3-phosphocholine (Bodipyr£PC)
was purchased from Molecular Probes (Eugene, OR).

Differential Scanning Calorimetry (DSC)

BMP samples were prepared for DSC as follows. A lipid
film was formed from a chloroform solution of lipids under
a stream of nitrogen gas, dried under high vacuum overnight,
hydrated, and vortexed with a buffer solution containing 20
mM 4-(2-hydroxyethyl)-1-piperizineethanesulfonic acid
(HEPES), 100 mM NacCl, and 10 mM EDTA (pH 7.0) or 20
mM 2-(N-morpholino)ethanesulfonic acid (MES), 100 mM
NaCl, and 10 mM EDTA (pH 5.3). The final concentration
of BMP was 0.5 mM. DSC studies were performed with a
MicroCal (Northampton, MA) VP-DSC microcalorimeter.
DSC thermograms were recorded at a scan rate 6{CID.

TLC. No trace of lyso compound or fatty acid was found
under these conditions. The obtained data were plotted an
analyzed with Origin (OriginLab Corp., Northampton, MA).

Small- and Wide-Angle X-ray Scattering

Hayakawa et al.
N
(2 = Zf(h)|F(h)| cos(2rhzd)
h=

whereh is the diffraction orderf(h) the phase factor which
must be 1 or-1 for symmetric bilayers/F(h)| the absolute
value of the structure factor, armthe distance from the
center of the bilayer. For diffraction patterns from unoriented
samples, the structure factd(h)| is set equal tol?l(h)]*?

(33, 34), wherel(h) is the integrated intensity of theh order
peak. From the obtained four lamellar peaks (first to fourth
order) in the small-angle region, 16 possible electron density
profiles were all calculated. To choose the most probable
candidate from the 16 profiles, it is assumed that thé- 1,1
DMBMP bilayer has the highest electron density at the
phosphate group at the hydrophitibydrophobic interface

._and has the lowest electron density at the center of the bilayer
Yue to the localization of the methyl group of the acyl chains.
OFour profiles were selected with the assumptions given

above, and two of them were ruled out due to the improper
electron density profile in the hydrophobic region. Finally,
the phase factord(h) in the formula given above, for the
first- to fourth-order lamellar diffractions were determined

The dispersed BMP samples for X-ray measurements wereto be —1, —1, 1, and—1, respectively.
prepared essentially as described for DSC measurements

using 5 mM lipids. SAXS and WAXS measurements were
carried out at RIKEN Structural Biology Beamline |
(BL45XU) (28) at SPring-8, 8 GeV synchrotron radiation

source (Hyogo, Japan). The X-ray wavelength that was used
was 0.9 A, and the beam size at the sample position was

~0.4 mmx 0.7 mm. The sample-to-detector distance was

600 mm. Samples were measured in a sample cell with a

path length of 1.5 mm and a pair of thin quartz windows
(thickness of 3km). The sample temperature was controlled
to £0.01°C with a high-precision thermoelectric device. The
temperature of samples was maintained fet65min to be
equilibrated with each temperature. To minimize the sample

damage during observation, three sets of samples were
prepared. The first sample was used to measure at 5, 10, 15

and 20°C, the second sample at 20, 25, and’85 and the
third sample at 35, 40, and 4&. There were not significant

Pressure-Area Compression Isotherms

All lipids were dried under high vacuum for more than
24 h and were carefully quantified by weight using an UMX2
ultra-micro balance (Mettler-Toledo Inc., Columbus, OH).
Surface pressuremolecular area£—A) isotherms were
measured using a computer-controlled, Langmuir-type film
balance (USI System, Fukuoka, Japan), calibrated according
to the equilibrium spreading pressures of stearic acid. Lipids,
dissolved in chloroform, were spread onto 20 mM HEPES
buffer [containing 100 mM NaCl and 10 mM EDTA (pH
7.0)] subphase. Lipid films were compressed at a rate of 0.1
nm? per molecule per minute after an initial delay period of
30 min. All experiments were carried out at room temper-
ature, and the subphase temperature was monitored423.5
0.5°C).

differences in the diffraction patterns between the.first and Lipid Monolayers and Epifluorescence Microscopy
second samples and between the second and third sample
measured at the same temperature, indicating that the sample Bodipy-C-PC-containing lipid monolayers (1 mol %

was not significantly damaged under these conditid@®s (
30). Buffer profiles were also measured at respective

Bodipy-Ci-PC) were obtained by spreading0 uL of a
lipid solution in chloroform over a subphase of 20 mM

temperatures to subtract the background. The SAXS andHEPES, 100 mM NacCl, and 10 mM EDTA (pH 7.0). After

WAXS patterns were simultaneously recorded with the
RIGAKU imaging plate detector (R-AXIS I¥*, active area
size of 30 cmx 30 cm). B1). The two-dimensional powder
diffraction patterns were circularly averaged and reduced to
one-dimensional profiles using FIT2D version 12.012 (http://
www.esrf.frlcomputing/scientific/FIT2D/), a two-dimensional

solvent evaporation, the monolayer was compressed at a rate
of 0.25 nn% per molecule per minute to the desired surface
pressure s = 5—15 mN/m). Epifluorescence microscopy
was carried out using an Olympus Power BX fluorescence
microscope equipped with an LM Plan Fl:s@bjective and

a Toshiba 3CCD camera. All experiments were carried out

data reduction and analysis program. The reciprocal spacingswith a subphase temperature of 23:50.5 °C.

() [s= 1/d = (2/4) sin 6 (whered is the lattice spacing,®

is the scattering angle, arids the X-ray wavelength)] were
calibrated with silver behenate by the long-period spacing
of 5.838 nm 82).

Electron Density Distribution of BMP Membranes

From the obtained SAXS data, one-dimensional electron
density profiles,o(2), were calculated as

Molecular Dynamics (MD) Simulations

Atomic Parameterd/Ve used all-atom models of 1;5and
3,1-DMBMPs for MD simulations. The charge distributions
on both lipids were calculated using Gaussian 03 program
(35). The atomic charges were determined by the second-
order Mgller-Plesset correlation (MP2) level with the
6-31G** basis set, and restrained electrostatic potential
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(RESP) fitting was used. Before determining the atomic
charges for both lipids, we carried out the energy optimiza-
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tion calculations at the PM3 level to construct their confor-
mations. To calculate other interactions (bond stretching, — &}
bending, torsion, and van der Waals), the AMBER parameter < 6
set was used3p). ar |

Simulation ConditionsBoth 1,I- and 3,1-DMBMPs
bilayer systems consisted of 256 (¥68 x 2). The initial
size of the bilayer was 7.2 nm 12.8 nmx 4.6 nm. To
construct the initial bilayer structures of DMBMPs, the acyl
chains of each lipid were placed on the hexagonal orxthe
andy planes to fit the experimental data and the end of the
acyl chains overlapped one another on thelane. The
bilayer was immersed ina 7.2 nm13.1 nmx 7.1 nm box
filled with TIP3P water. Water molecules whose oxygen
atoms were closer than 0.3 nm to any DMBMP atoms were
removed. The total number of water molecules w#&§00, 2f {1 2t .
and 256 sodium ions were generated for the system to be
neutral. Approximately 0.5 nm thick water layers ware , L ) L
formed on both sides of the lipid bilayer of the membrane. 0 10 20 30 40 50 0 10 20 30 40 50
MD simulations were carried out at a constant number of Temperature (°C) Temperature (°C)
molecules, a pressure of 1 atm, and a temperature of 278 KFicure 2: Heating (a and c¢) and cooling (b and d) DSC
(5 °C) (NPT ensemble) after each system had been heatedhermograms exhibited by I;land 3,1-DMBMP at pH 7.0 )
to 278 K over the first 100 ps. The time step was set at 1 fs. and 5.3 ¢): (@ and b) 1,XDMBMP and (c and d) 3iBMP.

. . . The thermograms were the second scan recorded at a scan rate of
The bond lengths involving hydrogen atoms were constrained 1 ocp,.
to equilibrium lengths using the SHAKE method. The data
were collected through a series of additional 3.0 ns MD Tapje 1: Phase Transition Temperatur@s)(and EnthalpiesH)
simulations performed at a constant temperature of 278 K for DMBMPs®
according to Berendsen'’s algorithm with a coupling time of

2+ 4

or 1 ofF

10 T T T T T

Excess heat capacity (kcal/mo

oF -

lower-temperature higher-temperature

0.2 ps. The particle mesh Ewald (PME) method direct space transition transition
cutoff distance is 1.2 nm. The program used for these MD T, AH T, AH
simulations was Amber 8.(B6). (°C) (kcal/mol) (°C) (kcal/mol)
H7.0 3,1-DMBMP H 26.37 1.90 42.14 13.56
RESULTS AND DISCUSSION P C 1794 —-1.70 3828 —1253
. . _ _ _ _ 1,'-DMBMP H 16.38 335  40.12 12.41
Differential Scanning Calorimetry (DSCJ.o investigate C 910 -153 36.69 —12.83
the thermotropic phase behavior of DMBMPs, DSC mea- PH5.3 3,1-DMBMP H 26.03 2.50  41.98 14.71
surements were performed. Panetsdaof Figure 2 show 1.7-DMBMP ﬁ %g'fg _1,33120 33%2975 _1:1';'%1
the DSC thermograms of ¥;land 3,1-DMBMP at pH 7.0 ' C 858 -126 3663 —13.66

and 5.3. Fo.r both of the D.MBMPS’ when heated, two distinct — Phase transition temperatures and enthalpies observed at a second
thermqtroplc phase tran5|_t|ons were observed under bOt_h_ theating (H)-cooling (C) scan. Lower- and higher-temperature transi-
conditions. One of these is the lower-temperature transition tions were observed at10-35 and~35—43 °C, respectively.

detected between 10 and 2€ for 1,X-DMBMP and
between 20 and 38C for 3,1-DMBMP. Another is the

Although it was not possible to determine the phases of
higher-temperature transition centered~at0 °C for 1,1- DMBMPs at temperatures below and above the calorimetric
DMBMP and~42°C for 3,1-DMBMP. For both DMBMPs, transitions by these DSC thermograms, the appearance of
the lower-temperature transitions were fairly broad and multiple peaks on cooling suggests that these are not simple
contained multiple peaks, while the higher-temperature gel to liquid crystalline transitions. Furthermore, the observed
transitions were strongly energetic (124 kcal/mol). In both high-temperature transition with a large enthalpy 12

the lower- and higher-temperature transitions, the transition kcal/mol) strongly suggests that these are transitions of
temperaturesT(,) of 3,-DMBMP were higher than those  hydrocarbon chains from a highly ordered crystal or crystal-
of 1,7-DMBMP (see Table 1). For both DMBMPs, when like (L) state to a disordered melt state,Y\LUnder similar
cooled, the peak of the higher-temperature transition observedconditions, DMPG and dimyristoylphosphatidylcholine
on heating was split into multiple peaks and the lower- (DMPC) generally show a simple gel{Lto liquid crystal-
temperature transition exhibited some cooling hysteresis. line (L) transition at~23 °C with a 5-7 kcal/mol transition
Although slight differences were observed in the onset enthalpy 87—42). Considering these values for DMPC and
temperature of the transitions and in peak broadening, theDMPG, it seems likely that the high transition temperature
overall profile of the thermograms (Figure 2) and calorimetric and the large enthalpy observed for DMBMPs are attributed
parameters (Table 1) are very similar at both pH 7.0 and to the attractive interactions between the DMBMP head-
5.3, suggesting that these DMBMPs undergo the samegroups. Under certain specific conditions, it is reported that
structural alterations at the phase transitions in this physi- DMPG also exhibits such highly energetic transitions. When
ological pH range. DMPG is stored for 1 day to 3 months atB °C, this lipid
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Ficure 3: Temperature dependence of small-angle X-ray scattering
profiles of aqueous dispersions of (a) 't,and (b) 3,1-DMBMP

at pH 7.0. The numbers indicate the temperature of the sample.
Linear dashed lines in panels a and I8at 0.76 nnt! are shown

to help in the understanding of the peak shift with an increase in , )
temperature. DMBMP and 4.935 nm for 3;ADMBMP. These distances

became slightly larger with an increase in temperature and

exhibits large transition enthalpies (249 kcal/mol) at the ~ reached a value of5.2 nm at 15°C for 1,1-DMBMP and
main phase transition at40—42 °C, on the DSC first at 25°C for 3,2-DMBMP. When the temperature came close

heating scan43—48). The authors suggest that the incubation to the phase transition at40 °C, a broadening of the

at low temperatures induces DMPG to form a quasi- lamellar peaks was observed for both DMBMPs, and above
crystalline/crystal-like (L) phase that involves an intermo- the transition temperature, the lamellar peaks all disappeared
lecular hydrogen bondingdB, 44, 47). In the DSC study  and only the scattering pattern from the bilayer form factor
presented here, we reproducibly observed the transition withwas observed. The temperature dependency of the scattering
a large enthalpy for both DMBMPs without low-temperature patterns and the lamellar distances was almost the same
storage before the measurements. Together with the resulPetween pH 7.0 and 5.3 (data not shown), indicating that
for DMPG, it is conceivable that the intermolecular hydrogen the membrane structures and phase behavior of DMBMPs
bonding is the major attractive force between the headgroupswere not altered in this pH range.

The transition temperature and enthalpy of HMBMP The packing information with respect to the acyl chains
were higher than those of I;DMBMP. Such stereocon-  was obtained from WAXS data. Figure 4 shows the WAXS
figuration dependence of the thermotropic parameters haspatterns of 1,t and 1,3-DMBMP on heating at pH 7.0. Like
also been reported for DMP@&-50). In these reports, the  SAXS data (Figure 3), the WAXS profiles of both DMBMPs
transition temperature of DMPG with naturally occurring were similar and not dependent on pH. The appearance of
stereoconfiguration 1,2-dimyristoglr-glycero-3-phosphati-  several peaks in the WAXS region is indicative of the
dyl-sn1'-glycerol (X-DMPG) was lower than that of the formation of an l-like or quasi-crystalline phase (termed
corresponding 1,2-dimyristoyrglycero-3-phosphatidyd L in this paper) which has a highly ordered chain lattice.
3'-glycerol (3-DMPG), in the presence of NaThe higher A similar WAXS pattern was reported for the quasi-
affinity of 3'-DMPG for Na" is suggested to be due to a crystalline L, phase of DMPG, which was stored at@ for
slightly different favored conformation of the headgroup 7 days 43). The peaks were located at (0.468 nin)0.441
glycerol moiety. To elucidate the phase behavior of-3,1 nm), (0.424 nm)?, and (0.385 nm) for 1,1-DMBMP
and 1,1-DMBMP structurally, we next performed X-ray and (0.465 nm)!, (0.442 nm)?, (0.424 nm)?, and (0.378
measurements. nm)* for 3,2-DMBMP at 5°C and pH 7.0. These peaks

Small- and Wide-Angle X-ray Scattering/e employed do not correspond to the higher orders of the lamellar
small- and wide-angle X-ray scattering measurements to diffractions. These WAXS patterns of DMBMPs were also
investigate and assign the phases of-Btd 3,1-DMBMPs observed in DPPG in the;lphase $1-53). However, DPPG
at temperatures below and above the calorimetric transitions.in L. exhibits a characteristic peak a&(0.78 nm)* which
Small- and wide-angle scattering patterns were collectedis missing in WAXS of DMBMPs. Therefore, the highly
simultaneously under the optical conditions described in ordered phase of DMBMPs is not identical to thephase
Materials and Methods. Figure 3 shows the SAXS patterns of DPPG. The peak at(0.38 nm) ! was shifted to a small-
of 1,1- and 3,1-DMBMP when heated at pH 7.0. For both angle region{(0.41 nmj] at 10°C for 1,2-DMBMP and
DMBMPs, four diffraction peaks fitted a d, d/2, d/3, and 20 °C for 3,1-DMBMP, while the peak at (0.424 nm)

d/4 series, indicating that they were in lamellar structures. became sharper with an increase in temperature. The
The lamellar repeat distance at6 was 5.018 nm for 1,1 appearance of the(0.424 nm)?* peak with such a shoulder

N
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at the wide-angle region from(0.38 nm)* to (0.41 nm)? ‘ ‘ ' ‘ '
indicates that the chains are packed in an orthorhombic lattice i (a) i (b)
and are tilted with respect to the bilayer normal orientation
in the gel phases4, 55). A comparison of the peak position
around ~(0.38 nm)! between the two isomers [3;1
DMBMP indicates a spacing, (0.378 nm,)that is smaller
than that of 1,ADMBMP, (0.385 nm)?] suggests the
hydrocarbon chains of 3;DMBMP are more tilted than
those of 1,XDMBMP. This corresponds to the smaller
lamellar distance observed in the SAXS measurement for 7 .
3,2-DMBMP at 5°C (Figure 3). From the SAXS and WAXS 0.2 04 06 02 0.4 0.6
results, it is suggested that the weakly energetic thermotropic S (nm™) S (hm™)
transitions around 1030 °C observed in the DSC experi-  Fgure 5: Reversible unbinding transition upon heating through
ment may reflect the structural change of the tilt angle of the main transition of (a) 1'4and (b) 3,:-DMBMP. Small-angle
the lipids. The peak at(0.44 nmy?!, characteristic of the  scattering profiles were taken at 18) or 45°C (- - -) on heating
L. phase $2—54), was observed until the sample reached and at 10°C (- - -) after cooling.
the transition temperature a32—43 °C; therefore, we have
assigned this as anotheglike highly ordered phase (termed
L2 in this paper). Above the transition temperature-82—
43 °C, peaks in the wide-angle region all disappeared and a
broad peak centered at (0.45 ni)characteristic of the fluid
liquid crystalline phase (1), was observed for both DMB-
MPs.

From the observations by small- and wide-angle X-ray , , ‘ , ,
scattering together with the DSC measurements, we are able 2 4 0 1 2
to assign the phases at temperatures below and above the distance from center of bilayer (nm)
transitions. When heated, :DMBMP undergoes and.— SIéBgEE(GI) Elelctr?ntdgr;sity Ftirf]Of”eS Olll‘ 1',-D|M|§(MP a(tjst(_)hand _
L. phase transition centered atl7 °C and an Lk, — L o & (~-), Caiculated from the small-angle A-ray data shown in
man phase wansion acaD °C, whereas JADUBNP (9455, S SR Sersn e S SENE LS
undergoes the same phase transitions 28 and~42 °C, origin.
respectively. DSC thermograms revealed the low-temperature
transitions of 1,% and 3,1-DMBMPs contain two or three
peaks, indicating the transition took place in two or three
steps, although X-ray measurements failed to detect the
details of the structural origin of the transitions. Furthermore,
we found that the membranes of these lipids exhibit a
transition from a bound to an unbound state, coinciding with
the L. to L, main phase transition. As shown in Figure 3,
the diffraction peaks that originated from multilamellar
structure disappeared in the temperature range 6485C, . . .
where the main phase transition starts to occur. The sudden 04 06 08 1 12 14
disappearance of the lamellar peaks and the simultaneous molecular area, A (nm’)
appearance of diffuse scattering from the bilayer form factor FIGURE 7: Surface pressurer) vs mean molecular areadf
indicate that the multilamellar membranes were extensively iSotherms for 1,1DMBMP, 3,1-DMBMP, DPPG, and DMPE

) : : obtained at room temperature (23t50.5 °C) on a subphase of
swollen and the defined intermembrane correlatiof.@ HEPES buffer contain?ng 100 rr(1M NaCl an)d 10 mM IFE)DTA (pH

nm) was totally lost over a very narrow range of tempera- 7.0). All lipid films were compressed at a rate of 0.1 hper
tures, i.e., unbound transitiob§—60). Figure 5 shows the  molecule per minute.

strong reversibility of this transition of DMBMPs. Pozo-
Navas et al. first observed an unbinding transition in charged L .
MLVs composed of 1-palmitoyl-2-oleoylphosphatidyletha- 48), suggest the presence of a strong attractive interaction
nolamine (POPE) and 1-palmitoyl-2-oleoylphosphatidylg- between t'he hgadgroups of DMBMP. Intermolecular hydro-
lycerol (POPG) with small- and wide-angle X-ray scattering 9€n Ponding via the POgroup, the glycerol OH group, and
(60). They concluded that the unbinding transition of the the fatty acid G=O group would be the most probable
charged membrane is a direct result of the steric repulsion candidates for this attractive force. These attractive interac-
caused by enhanced thermal undulations of the bilayers intions between the headgroups and the interface region may
the L, phase and not a result of electrostatic double-layer be responsible for the packing of lipids in an ordered lattice
repulsion, since no unbinding was observed in the pure atlow temperatures, and a main phase transition takes place
DPPG system for a series of differing salt concentrations. at high temperatures with a large transition enthalpy. A
In this study, DMBMPs exhibited their main phase sudden decrease in the membrane rigidity can occur when
transition at 46-42 °C, which is much higher than that of the thermal motion of the lipids overcomes the intermolecular
DMPC and DMPG {23°C). These results taken from DSC hydrogen bonding at the main transition, resulting in the
and X-ray, together with the previous studies on DMRG cooperative unbinding of DMBMP membranes.

Intensity (arb. units)

Relative electron density (-)

i —1,1“DMBMP T
i\ - 3,1-DMBMP
1

a
o

w
o

lateral pressure, 7 (mN/m)
- N
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Ficure 8: Fluorescence micrographs of lipid monolayers in the liquid-expanded and liquid-condensed phase coexistence region, observed
after fast compression: (a) DPPG, (b) DMPE, (c)'-DMBMP, and (d) 3,1-DMBMP. In all cases, the same subphase condition was
employed, 20 mM HEPES buffer containing 100 mM NaCl and 10 mM EDTA (pH 7.0). Paralswaere taken around the, of the

respective lipid. Panels e and f are fluorescence micrographs 'eDMBMP and 3,1-DMBMP, taken above the.. Scale bars are 100

um. The fluorescent probe (Bodipyr£PC) segregates in the disordered or fluid phases, which then appear bright in the images.

-69000 T T T T overall profile was quite similar to that of Z;DMBMP,
1.7-DMBMP | the distance between the phosphate peaks fRCBYIBMP
5 ; S1DMEMP was slightly shorter than that in 1;DMBMP, as expected.
éu. 0000 Pressure-Area Compression Isotherms and Epifluores-
2 cence MicroscopyThe behavior of DMBMPs at the air
ic'a -71000 buffer interface was investigated by using pressarea {—
o A) isotherms and epifluorescence microscopy. Figure 7 shows
the surface pressure versus mean molecular area isotherms
~72000 of 1,2-DMBMP, 3,1-DMBMP, DMPE, and DPPG at pH
7.0. For all lipids, the coexisting regions of both the
) | ) . ) condensed and expanded phases were observed at various
-73000
0 1000 2000 3000 pressures. At 30 mN/m, the areas per molecule observed for
time (ps) DMPE and DPPG were 0.43 and 0.46 fmespectively.
FIGUREQ: Energy profiles of 1,1 (green) and 3!1DMBMP (red) These values are fa}irly cons_igtent with the previous results
up to 3 ns. obtained under similar condition§1—63). 1,1- and 3,1-

DMBMP gave an area per molecule of 0.50 and 0.49,nm
respectively. These DMBMP values are larger than those of
Electron Density Profiles of DMBMRAVe then calculated  the published results of DMPA, DMPE, DPPC, and DPPG

the electron density distribution for the 1-DMBMP (61—64). DMPG, a structural isomer of DMBMP, did not
membrane at 5 and 28C (Figure 6). In this figure, the  show any phase transition under these conditions because
geometric center of the bilayer is at the origin. The low- its melted hydrocarbon chains could not pack densely and
electron density region in the center of the profile corresponds remained disordered, although it does exhibit a condensed
to the lipid hydrocarbon chains. The high-density regions, phase under certain conditior85]. The reported area per
located within~2 nm of the bilayer center, correspond molecule for DMPG at 5C and pH 7 in the presence of
mainly to the phosphate groups of tIMBMP. Although 100 mM NaCl is~0.59 nn% (65). The pressure value at the
these two profiles at 5 and 2@ exhibit a similar patternin ~ main transition f.), where the condensed phase starts to
the hydrophobic region, a slight difference was observed in appear, was higher for 1;DMBMP than for 3,1-DMBMP.
the peak position, i.e., a peak £1.90 nm for 5°C and at This may be caused by the lower phase transition temperature
4+1.97 nm for 20°C. This result indicates that the observed of 1,1'-DMBMP, because the increasesincan be attributed
increase in the lamellar repeat distance from 5.04 to 5.22to the increased level of thermal motion, which tends to
nm shown in Figure 3 can mainly be attributed to the increase expand the lipid membrane, implying a weaker intermolecu-
in the membrane width. Considering the observations via lar interaction. The following order of, values for different
SAXS, WAXS, and DSC, the increase in the membrane lipids was found: 1,ADMBMP > 3,17-DMBMP > DPPG
width corresponds to the change in the tilt angle of the acyl > DMPE. Under similar solvent conditions, it is reported
chains. The electron density profile for 3RMBMP was the main phase transition temperatures of DPPG and DMPE
also calculated with the same phase combination that wasas determined by DSC are41.3°C (44, 53, 66) and>49.5
used for 1,3-DMBMP. As shown in Figure 6, although the °C (40, 67, 68), respectively. Therefore, the orderafvalues
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Ficure 10: Snapshots of the I;DMBMP bilayer system at 3.0 ns (a) and a molecular model dtERNIBMP (b). Snapshots of (c) 1’
and (d) 3,1-DMBMP bilayer systems which displayed neither hydrogen atoms nor water molecules.

given above reflects, at least in part, the order of the main coexistence region. The fluorescent probe (Bodipy-XC)
phase transition temperatures of these lipids. segregates in the disordered or fluid phases, which then
We then investigated the domain formation of the BMPs appear bright in the image89). The probe is absent from
at the air-buffer interface to evaluate the intermolecular the solid or liquid condensed phases, which appear black.
interactions and the orientational ordering of the headgroupsUnder these conditions, DPPG exhibits a cardioid domain
in comparison with that of DMPE and DPPG. Panetsda  at 11 mN/m, while DMPE exhibits a fractal-like or dendrite
of Figure 8 show the fluorescence micrographs of the DPPG, domain. The domain shape of DMPE is very similar to that
DMPE, 1,1-DMBMP, and 3,1-DMBMP monolayers, re-  of previous reportsgl, 70—72). Both DMBMPs displayed
spectively, in the liquid-expanded and liquid-condensed a characteristic elongated dendritic domaimatl3—15 mN/
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(b)

Table 2: Number of WaterLipid Hydrogen Bonds Formed

. . between Water and the Respective Functional Groups in dntd
% % 3,2-DMBMP, Calculated from MD Simulations at 2782K
c c
3 g \ tote 3,1-DMBMP 1,1-DMBMP
c c
2 2 oxp OP1 1.9964 0.035 1.703: 0.012
@ b Ay A OP2 1.78%- 0.063 1.593+ 0.051
® o \ eyl OP3 0.750+£ 0.012 0.714 0.027
wate OP4 1.016+ 0.027 0.980+ 0.051
OH1 0.8364 0.035 0.809+ 0.008
) OH2 0.961+ 0.055 0.910+ 0.023
H, ca OC1 0.4224-0.008 0.398+ 0.023
3 . ; - 7 57 * T T 3 0ocC2 0.5004 0.004 0.492+ 0.004
distance from center of bilayer (nm} distance from center of bilayer {(nm) o1 0.461+ 0.008 0.430G+ 0.020
Ficure 11: Electron density profiles (total) of (a) 1;land (b) &zal 8"11'81; 8'8%’ g'igi 8'823

3,1-DMBMP at 3.0 ns are shown with the one from X-ray data.
Electron density profiles of respective functional groups are also

shown in the figure (P, phosphate group; gly, glycerol moiety; car, Figure 10b.

2 The assignments of the functional groups (atoms) are as shown in

carbonyl group; Chl methyl group; acyl, acyl chain).

m) These elongated domalns grew as the Surface pressuréable 3: Number of Intermolecular Hydrogen Bonds Formed

increased (Figure 8e,f). To the best of our knowledge, suc

anisotropic domains have not been described for naturally cajculated from MD Simulations at 278K

h between the OH Group of the Glycerol Moiety in t,and
3,1-DMBMP and Functional Groups of the Adjacent Molecule,

occurring lipids, even in the nonequilibrium state. This

; . " . Y 3,1-DMBMP 1,7-DMBMP

anisotropic dendritic domain shape is indicative of the

formation of an orientationally ordered solid phase. It is OH1 OH2 OH1 OH2
known that the orientational order and chirality of lipid OP1 g-gggﬁ 8-88‘21 8-8‘61% 8-3(135 8-82& 8-83? g-gggt 8-8%
headgroups in the monolayers at the-aiater interface are o3 6457007 0.060: 0.027 0.0775 0,002 0.054: 0.020
reﬂeCt-Ed in the domain Shape of the ||p|61( 72_74) . OP4 0.028- 0.007 0.026+ 0.003 0.025+ 0.005 0.023- 0.001
Domain shapes are thought to be determined by a competi-oH1 0.058+ 0.003 0.102: 0.043 0.093: 0.005 0.088% 0.010
tion between line tension (that tends to stabilize isotropic 82% g-gigi 8-83; 8-22% 8-82471 gggi 8-8;8 8-822: 8-88?
g'rf\x'ar dﬁ”.‘;'”s)landl lon?r;rintge dd'pf*é'?oéel.repulls'on req OC2 0.122+ 0.021 0.049+0.002 0.074f0.012 0.038k 0.005
etween lipid molecules (that tends to stabilize elongated 51~ '0g6+ 0.001 0,064+ 0.010 0.076+0.002 0.094+ 0.003
domains) 75). Thus, charged lipids generally tend to form 02 0.0814+0.001 0.129+ 0.007 0.044+ 0.002 0.082+ 0.027
elongated domains. Under these conditions, the dritl 3,1- total 0.688+ 0.000 0.706+ 0.049 0.664+ 0.027 0.64G+ 0.075

DMBMP domains exhibit a similar shape, suggesting both  2The assignments of the functional groups (atoms) are as shown in
DMBMPs are packed in a similar manner in the monolayers Figure 10b.
at the air-buffer interface.

Molecular Dynamics (MD) Sim'ulationWe performed @  Therefore, the average single molecular area of the DMBMPs
total of 6 ns MD simulations of 1:dand 3,1-DMBMPs to is simply calculated by dividing these values by 128, that
investigate the intermolecular interactions and dynamics of is .0 56 nn? for 1.7-DMBMP and ~0.51 nn? for 3.1~
DMBMPs. To determine whether the MD simulations pyBMmP. We then investigated the intermolecular interac-
reached equilibrium states, the energies of-1ahd 3,1- {jong (water-lipid and lipid—lipid hydrogen bonds) in 1/4
DMBMPs during simulations were calculated. Figure 9 5,4 3 1-DMBMPs. The average number of lipidipid and
shows that the MD simulations reached equilibrium states Water—,lipid interactions (hydrogen bonds) of 3DMBMP
after 2.0 ns. Therefore, the data collection for the analysis 55 slightly larger than that of 7;DMBMP (TaBIes 2 and
of each DMBMP was to last 1.0 ns. Figure 10 shows the 3y Thys, these numbers can explain the difference in the

snapshots of the 1;DMBMP bilayer system (a) anda 1;1  phase transition temperature and molecular area between 1,1
DMBMP molecule (b) at 3.0 ns. To compare the membrane 5,4 3 1-DMBMP observed in the experiments.

structure obtained by MD simulation with the one from the

X-ray experiment, the electron density maps from MD cONCLUDING REMARKS

simulations were calculated (Figure 11). The electron density

map for the 1, and 3,1-DMBMPs resembles the experi- This study characterized the thermotropic phase behavior
mental data (dotted lines in Figure 11). This indicates that and membrane structure of 1DMBMP, together with a

the membrane and molecular structure of DMBMP obtained 3,1 isomer, by using DSC, X-ray scattering;-A isotherms,
from MD simulations reproduce well the experimental epifluorescence microscopy of the lipid monolayer, and MD
findings. The thickness of the membrane (distances betweensimulations. DSC, X-ray scattering, and MD simulation
the P atoms in headgroups) of 't,and 3,1-DMBMPs was showed that these DMBMPs are packed in a quasi-crystalline
4.17 and 4.04 nm, respectively. The averaged tilt angles of state in the membrane below the main phase transition
1,1- and 3,1-DMBMPs to the bilayer normal orientation temperature. At the main phase transition, both DMBMPs
were 11.6 and 20%2respectively. The difference in this tilt  undergo a quasi-crystalline tg, liransition accompanying
angle of the lipids accounts for the difference in the thickness unbinding of the membranes; that is, the stacked lamellar
of the membranes. The total system areas of the headgroupsnembranes transform from a bound to an unbound state.
of 1,1- and 3,1-DMBMPs, which contain 128 molecules, The main transition temperature and the enthalpy value
were 71.20 and 64.97 rfmrespectively (Figure 10c,d). observed at pH 7.0 were 40°C and 12.4 kcal/mol for 1,1
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DMBMP and 42.1°C and 13.6 kcal/mol for 3;ADMBMP,
respectively. These values are much higher than those of
DMPG, a structural isomer and a potential precursor of
DMBMP. MD simulations revealed both DMBMPs form a
compact conformation in the membrane such that the
headgroup is bent to arrange the two acyl chains close to
each other and the OH groups of the glycerol moieties face
adjacent molecules (Figure 10). MD simulations also indi-
cated that the OH groups of the glycerol moieties can interact
with the PO and C=0O groups of adjacent molecules via
hydrogen bonding. The capacity for hydrogen bond formation
was greater for 3;ADMBMP than for 1,1-DMBMP. This
explains the higher phase transition temperature of 3,1
DMBMP. This difference can be attributed to the structural
differences in the headgroup, since the two OH groups of
3,1-DMBMP are bilaterally symmetric and oriented toward
adjacent molecules, whereas those of’-DMBMP are
asymmetric. In addition, the glycerol moiety of the '3,1
DMBMP headgroup has a tendency for ordered lattice
formation via a hydrogen bonding network in the membrane.
Such a difference, depending on the stereoconfiguration, is
also reported for 1,2-dimyristoydr-glycero-3-phosphatidyl-
sn1'-glycerol (2-DMPG) and the correspondirem-3' ster-
eoisomer (3DMPG). The 3DMPG—Na' complex forms

an ordered, highly crystalline phase, which has a transition
into the liquid crystalline phase at a temperature higher than
that of the -DMPG—Na* complex. The higher affinity of
3-DMPG for Na" is suggested to be due to a slightly
different favored conformation of the headgroup glycerol
moiety @8—50).

Whereas 3,3and 1,3-diacyl-BMP are thermodynamically
stable, a recent studp) suggests that in cells, 2;8iacyl-
BMP is dominant. Thus, 3:3liacyl-BMP is physically stable
but biologically unstable. There has been speculation that
there is a dynamic equilibrium between 2a2d 3,3isomers
inside late endosomes. The role of OH groups in physically
unstable 2,2diacyl-BMP is the next challenging subject.
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