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Structure and Fluctuations of Charged Phosphatidylserine Bilayers
in the Absence of Salt

Horia |. Petrache,* Stephanie Tristram-Nagle,! Klaus Gawrisch,* Daniel Harries,* V. Adrian Parsegian,*
and John F. Nagle®

*Laboratory of Physical and Structural Biology, The National Institute of Child Health and Human Development, National Institutes of Health,
Bethesda, Maryland; *Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, Pennsylvania; *Laboratory of
Membrane Biochemistry and Biophysics, The National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health,

Rockville, Maryland; and SDepartment of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania

ABSTRACT Using x-ray diffraction and NMR spectroscopy, we present structural and material properties of phosphati-
dylserine (PS) bilayers that may account for the well documented implications of PS headgroups in cell activity. At 30°C, the 18-
carbon monounsaturated DOPS in the fluid state has a cross-sectional area of 65.3 A? which is remarkably smaller than the
area 72.5 A2 of the DOPC analog, despite the extra electrostatic repulsion expected for charged PS headgroups. Similarly, at
20°C, the 14-carbon disaturated DMPS in the gel phase has an area of 40.8 A% vs. 48.1 A? for DMPC. This condensation of area
suggests an extra attractive interaction, perhaps hydrogen bonding, between PS headgroups. Unlike zwitterionic lipids, stacks
of PS bilayers swell indefinitely as water is added. Data obtained for osmotic pressure versus interbilayer water spacing for fluid
phase DOPS are well fit by electrostatic interactions calculated for the Gouy-Chapman regime. It is shown that the electrostatic
interactions completely dominate the fluctuational pressure. Nevertheless, the x-ray data definitively exhibit the effects of
fluctuations in fluid phase DOPS. From our measurements of fluctuations, we obtain the product of the bilayer bending modulus
Kc and the smectic compression modulus B. At the same interbilayer separation, the interbilayer fluctuations are smaller in
DOPS than for DOPC, showing that B and/or K are larger. Complementing the x-ray data, 3'P-chemical shift anisotropy
measured by NMR suggest that the DOPS headgroups are less sensitive to osmotic pressure than DOPC headgroups, which is
consistent with a larger K¢ in DOPS. Quadrupolar splittings for D,O decay less rapidly with increasing water content for DOPS
than for DOPC, indicating greater perturbation of interlamellar water and suggesting a greater interlamellar hydration force in
DOPS. Our comparisons between bilayers of PS and PC lipids with the same chains and the same temperature enable us to
focus on the effects of these headgroups on bilayer properties.

INTRODUCTION

Although there is an extensive literature on the structure of
neutral lipid bilayers, studies of bilayers of lipids with
charged headgroups, such as phosphatidylserine (PS) still
lag. This lag should be rectified, given the involvement of
charged headgroups in cell activity. For example, the
exposure of PS in the outer leaflet of the plasma membrane
is one of the most striking changes on the surface of
apoptotic cells (Fadok et al., 1992; Blankenberg et al., 1998).
Ingestion and clearing of apoptotic cells by phagocytes does
not occur in the absence of PS (Hoffman et al., 2001). PS
serves as a trigger of apolipoprotein J (clusterin) mRNA in
the neighboring vital cells of apoptotic cells (Bach et al.,
2001). Apoptotic cell death decreases when Neuro 2A cells

Submitted August 27,2003, and accepted for publication November 11,2003
Address reprint requests to Dr. Horia I. Petrache, National Institutes of
Health, Bldg. 9, Rm. 1E116, Bethesda, MD 20892. Tel.: 301-402-7797,
E-mail: horia@helix.nih.gov.

Abbreviations used: DLPE, 1,2-dilauroyl-sn-glycero-3-phosphoethanol-
amine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine; DPPS, 1,2-dipalmitoyl-sn-gly-
cero-3-phospho-L-serine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocho-
line; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOPS, 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine; POPS, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine; SOPC-dss, 1-stearoyl(d35)-2-oleoyl-sn-gly-
cero-3-phosphocholine; SOPS-dss, 1-stearoyl(d35)-2-oleoyl-sn-glycero-3-
phospho-L-serine.

© 2004 by the Biophysical Society

0006-3495/04/03/1574/13  $2.00

are enriched with docosahexaenoic acid (DHA, 22:6w3), and
it is thought that the protective effect of DHA is mediated by
the accumulation of PS (Kim et al., 2000). In addition to
acting at the cellular level, PS lipids have been shown to
coactivate (with diacylglycerol) protein kinase C (Takai et al.,
1979), an enzyme implicated in signal transduction.
Apparently, the chemistry of the PS is important in this
molecular triggering event (Johnson et al., 1998), even
though alternative proposed mechanisms involve membrane
physical properties (Slater et al., 1994; Yang and Glaser,
1995, 1996; Epand et al., 1998). Other recent studies have
shown functional roles of PS, not only through direct
interaction with membrane proteins (Tsvetkova et al., 2002;
Weinreb et al., 2003), but also through regulation of mem-
brane asymmetry (Daleke, 2002; Manno et al., 2002).

From a biophysical perspective, does PS act specifically
or nonspecifically? Nonspecific hypotheses implicate the
modification of membrane material properties such as
compressibility and lateral stress to explain the observed
effects of PS on channel activity (Bezrukov et al., 1998) and
on the function of membrane receptors (Brown, 1994;
Botelho et al., 2002). Indeed, membrane structural properties
are known to depend critically on the nature of both acyl
chains and the headgroup moiety (Rand and Parsegian, 1989;
Gawrisch and Holte, 1996; Nagle and Tristram-Nagle,
2000). It is natural then to expect that structural differences
will impact membrane function.



Structure of PS Lipids

Major differences between neutral phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) bilayers are well
documented in terms of structural and dynamical parameters
(Wilkinson and Nagle, 1981; MclIntosh, 1980; Marsh et al.,
1983; Rand and Parsegian, 1989; Mason and O’Leary, 1990;
Gawrisch and Holte, 1996; Thurmond et al., 1991; Davies
et al., 1992; Petrache et al., 2000). PE bilayers are more rigid
and more laterally compressed than the PCs. Interbilayer
hydration repulsion is qualitatively weaker between PE and
PC, a feature relevant to fusion mechanisms (Parsegian and
Rand, 1983; Simon et al., 1991).

At neutral pH, phosphatidylserine is charged. How does
headgroup charge influence bilayer properties compared to
those of PC and PE? Using deuterium and phosphorus NMR,
Browning and Seelig (1980) found a relatively rigid structure
for the PS headgroup compared to both PC and PE; this was
confirmed by de Kroon et al. (1990). By FTIR, Lewis and
McElhaney (2000) showed increased PS hydrogen bonding
compared to PC. Systematic x-ray studies of the homologous
series of saturated PS by Hauser et al. (1982) reported that,
whereas infinite swelling of NH, " salts occurs in both the gel
and fluid phases, bilayer thickness remains constant. The
complex effects of pH, electrostatics, ion binding, and head-
group hydration have been studied by Cevc et al. (1981) and
MacDonald et al. (1976) for disaturated phosphatidylserines.

Here we study the monounsaturated dioleoylphosphati-
dylserine sodium salt (DOPS™Na™) in water with no added
salt (i.e., with its Na™ counterion only) as in Cowley et al.
(1978), Loosley-Milman et al. (1982), and Demé et al.
(2002a,b). We use x-ray diffraction, NMR spectroscopy, and
density measurements to determine the structure of the fluid
phase DOPS lipid bilayers and compare to previous results for
the neutral dioleoylphosphatidylcholine, DOPC (Tristram-
Nagle et al., 1998). This comparison is of interest since
DOPS, DOPC, and DOPE have been used in the membrane
protein studies mentioned above. By x-ray diffraction, in
addition to average structural parameters, we also obtain
information on bilayer fluctuations and material properties of
the multilamellar DOPS structure. We learn that DOPS
bilayers are thicker than DOPC bilayers, with a correspond-
ingly smaller cross-sectional area. At similar interbilayer
separations, bilayer fluctuations are smaller for PS, indicating
a more rigid multilamellar structure than for PC. Charged PS,
however, swells indefinitely, as opposed to finite swelling
limits characteristic of neutral PC and PE. Measured by
deuterium-labeled saturated chain probes, DOPS acyl chains
appear more ordered than for DOPC, yet laterally compress-
ible under osmotic stress. At the same time, the average
orientation of PS headgroups with respect to the bilayer
normal is insensitive to water content, shown by NMR *'P-
chemical shift anisotropy. Water ordering, however, is more
pronounced for DOPS, as expected for a charged headgroup.

X-ray measurements on gel phase DMPS (needed for
determination of DOPS structure) allow a parallel PS/PC
comparison with the recently determined gel phase structure
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of DMPC (Tristram-Nagle et al., 2002). Considered in the
context of available PC and PE data for both gel and fluid
phases, PS reveals properties that could lead to the un-
derstanding of complex biological bilayers in terms of mate-
rial properties of lipid mixtures.

EXPERIMENTAL PROCEDURES

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine (DOPC), 1-stearoyl(d35)-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (SOPS-d35), and 1-stearoyl(d35)-2-oleoyl-sn-glycero-3-phos-
phocholine (SOPC-d5s) were purchased from Avanti Polar Lipids (Alabaster,
AL) and were used without further purification. The label d3s5 denotes a
perdeuterated stearic acid chain. All PS lipids were sodium salts. No buffer
or added salt was used in any of our experiments.

X-ray scattering from unoriented samples

Polyethyleneglycol (PEG) 35,000 g/mol was first mixed with deionized
water and this solution was then mixed with DOPS lipid in 3:1-12:1 weight
ratios to give final PEG concentrations (Tristram-Nagle et al., 1998) between
0 and 55 wt %. For each PEG concentration, the osmotic pressure values
were calculated by numerical interpolation of the data from Rand et al.
(1988, and http://aqueous.labs.brocku.ca). The DOPS/PEG samples were
loaded into thin-walled 1.0-mm glass x-ray capillaries and x-ray data were
collected at the F3 station of the Cornell High Energy Synchrotron Source
(CHESS) using the setup described in Tristram-Nagle et al. (1998).

X-ray scattering from oriented samples

Oriented samples were prepared using the rock-and-roll method (Tristram-
Nagle et al., 1993), starting with a solution of 4 mg of DMPS in 100 ul
TFE:tol, 4:1, v:v, yielding a well-oriented film ~10-um thick. After
evaporation of the organic solvent, the sample was hydrated from water
vapor in a new sample chamber designed to overcome the experimental
artifacts that had previously led to the vapor-pressure paradox (Katsaras,
1998). Details of our new chamber will be given in another publication. The
first chamber that achieved full hydration from the vapor has been previously
described (Katsaras and Watson, 2000). X-ray data were collected at the D1
station at CHESS using a charge-coupled device detector with 1024 X 1024
pixels of 50 wm (Tate et al., 1995; Barna et al., 1999) as described in
Tristram-Nagle et al. (2002).

Analysis of x-ray data

Fluid phase scattering peaks were fit using the modified Caillé theory (Zhang
et al., 1994; Nagle et al., 1996). The parameters determined by the fitting
program are the Caillé 7, fluctuation parameter, the mean domain size L, and
the fluctuation-corrected (and Lorentz-corrected) ratios of form factors r,, =
|Fy/Fy|. From m;, the mean-square fluctuation o in the water spacing
between bilayers is calculated as (Petrache et al., 1998a)

2 2, 2
o =nD" /7. (D)
Electron density profiles, p*(z), were obtained by Fourier reconstruction.
For gel phase DMPS they were also obtained by modeling (Tristram-Nagle
et al., 2002).
Specific volume measurements

The absolute specific volume v;. of DOPS was determined by the neutral
buoyancy method using H,O/D,O mixtures (Wiener et al., 1988). The
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molecular volume is Vi, = v Mw/N, where Myy is the molecular weight,
including the Na* counterion. Because DMPS is denser than D,0, the
neutral buoyancy method could not be used with this lipid. Instead, Vy of
DMPS was estimated as described in Results.

Fluid phase structure: area per lipid

The methods for obtaining structural quantities have been reviewed (Nagle
and Tristram-Nagle, 2000). The basic structural quantities consist of
averages, such as the lateral area per lipid molecule A, the distance Dyy
between the peaks in the bilayer electron density profiles, and the locations
of various Gibbs dividing surfaces, such as the hydrocarbon thickness 2D¢
and the Luzzati bilayer thickness Dy (Tardieu et al., 1973). In the Luzzati-
Gibbs framework, the bilayer thickness Dy is related to the repeat spacing D
through the lipid volume fraction, Dg = DV (VL. + nwVw), where ny
represents the number of waters per lipid in the repeat unit cell.

The hydrocarbon chain thickness 2D is first determined for the DMPS
gel phase. The difference in 2D for the DOPS fluid phase is obtained from
differences in Dy measured from electron density profiles obtained from
low-angle x-ray diffraction and the equation

DY = D2 (D D)2 @)
The area A is obtained using
Ve
A=— 3
Do ©

where the hydrocarbon chain volume V- = Vi — Vy; and the headgroup
volume is Vy, obtained in Results. The Luzzati bilayer thickness is obtained
by Dg = 2V} /A and the corresponding water thickness is then Dy =
D — Dg.

2H-NMR experiments on water

All NMR spectra were acquired using a Bruker DMX300 spectrometer
equipped with a solids probe with a 5-mm solenoid coil doubly tuned for 'H-
and an X-nucleus resonance (Bruker, Billerica, MA). Sample temperature
was controlled to within 0.1°C using a Bruker VT control unit. Absolute
temperature calibration was accurate to within 0.5°C. The quadrupolar
splitting of water was recorded with a 90° pulse followed by data acquisition
using CYCLOPS phase cycling and a delay between acquisitions of 2 s.
Unoriented DOPC and DOPS dispersions were prepared with D,O in an
argon environment.

Interpretation of water spectra in terms of hydration shells is done
following Gawrisch et al. (1985), with the assumptions that 1), distinct shells
of water molecules exist with different quadrupolar splittings; 2), the
quadrupolar splitting of individual shells are independent of water content;
3), the shells are filled consecutively; and 4), all water molecules exchange
rapidly (107> s) between all shells. E.g., for two layers, the measured
quadrupolar splitting Av is

n n n Ny — N
Av="TAv+ 2 Av, = Ay + L Aw,
Nw Ny Ny Nw
n
=— (Av; — Av,) + Av,, )
Nw

where n; and n, are the number of waters in each shell and nw = n; + n, is
the total number of waters. The intercept of Av vs. 1/nyw for nyw > n; gives
the value Av,. Isotropic shells then extrapolate to Av = 0 for 1/n,, — .

31p- and ?H-NMR experiments on lipids

*IP_.NMR spectra were acquired with a Hahn-echo pulse sequence (90°-7-
180°~7-acquire), a delay time of 7 = 40 us, and a delay between acquisitions
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of 1 s. The dipolar interaction between phosphorus and proton was
suppressed by applying 10 kHz of proton noise decoupling during
acquisition, resulting in an increase of sample temperature of <3°C as
established by following known phase transitions of lipids.

2H-NMR spectra were acquired with a phase-cycled quadrupolar echo
sequence (90°-7-90°-r-acquire) with an interpulse delay of 7 = 50 us and
a delay between acquisitions of 0.2 s.

Mixed-chain deuterated lipid probes (10 mol %) were used for ’H-NMR
of acyl chains. SOPC-d;5 was used with DOPC and SOPS-d;5 with DOPS.
Lipid mixtures were prepared in chloroform, dried to a thin film by spinning
in a stream of argon, and kept under vacuum overnight. The lipid films were
hydrated in deionized water and lyophilized. Samples were prepared directly
in glass NMR tubes by weighing ~7 mg of dry lipid mixture and appropriate
amounts of deuterium-depleted water (Huster et al., 1998).

The acquired powder spectra were dePaked, and order parameter profiles
for the stearoyl chains were calculated by standard methods (Holte et al.,
1995; Huster et al., 1998). The quadrupolar splitting Avq is proportional
to a geometrical order parameter (Scp) of the C—D bond relative to the bi-
layer normal, Avg = %)(QSCD, with the quadrupolar coupling constant o =
e*Qq/h = 167 kHz.

RESULTS
X-ray diffraction

Fig. 1 shows the interlamellar repeat spacings (D) for
different osmotic pressures for DOPC (Tristram-Nagle et al.,
1998) and DOPS in the fluid phase at 30°C. Both of these
force curves are essentially exponential at high pressures,
consistent with a hydration repulsion regime (Rand and
Parsegian, 1989). Below 20 atm (20 X 10° N/mz) of osmotic
pressure (log [Posm/(dyn cmfz)] = 7.3), DOPS deviates sig-
nificantly from DOPC. At zero osmotic pressure, DOPC
reaches a finite swelling limit, D = 63.1 A, whereas DOPS
apparently swells indefinitely. With unoriented samples we

L B B B B B B B B B
8 - i
S 7L .
é electrostatic
= © o
>
S6r “\f\8DOPC o
23 | SXe] ]
2 5k % \‘\ﬂuctuations i
- O ) -4
4..|....|.l...|...\.\‘1~....|....
50 60 70 80 90 100
D-spacing (A)
FIGURE 1 Force curves of fluid multilamellar DOPS (®) and DOPC (O)

bilayers at 30°C. At zero osmotic pressure, D for DOPC reaches the limit
indicated by the arrow. The dashed line shows the undulation pressure for
DOPC from Tristram-Nagle et al. (1998). The electrostatic pressure
according to Eq. 7 is shown by a solid line using measured bilayer thickness
Dp =383 A.
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have measured D-spacings up to 100 A (at 1 atm), but even
larger values have been observed at lower osmotic pressures
(Demé et al., 2002a,b).

Fig. 2 shows representative x-ray scattering peak shapes
taken with high instrumental resolution. Three diffraction
peaks are observed for this particular DOPS sample, which is
typical for fluctuating lipid bilayers under mild osmotic
stress (Nagle et al., 1996; Tristram-Nagle et al., 1998; Demé
et al.,, 2002a,b). Four or more peaks are seen under high
osmotic pressure and only two peaks are observable at low
pressures. The scattering peaks are well fit by the modified
Caillé theory (MCT) (Zhang et al., 1994) for P, >3 atm,
where the usual harmonic constraint 1y, = h*1, was imposed
for all orders h. At smaller pressures the scattering peaks

1000}

100

# counts

10}

normalized intensity
=)
[

0.01

'
'
1
‘
'
t { ’
)

20.10 005 000 005 010

20-20, (deg)

FIGURE 2 Representative fit (solid lines) to high-resolution x-ray
diffraction spectra (symbols) of multilamellar DOPS vesicles at 30°C in
the presence of 25% PEG (log Posm = 6.97). (A) Data shown as a function of
the absolute scattering angle 26. Dashed line shows the background level.
(B) Peaks are scaled and superimposed to emphasize that the tails grow with
order number, consistent with the MCT theory shown with solid lines. The
dashed curve shows the instrumental resolution function.
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were too weak to allow reliable fits. From the fits, we
determine the D shown in Fig. 1, form factor ratios, Fy,/F,
and the Caillé fluctuation parameter, 17;, from which the root-
mean square fluctuation in water spacing, o, is determined
by Eq. 1. Fig. 3 A shows o vs. D. Comparison to results for
DOPC shows that fluctuations increase with repeat spacing
D for both lipids. At the same D-spacing, fluctuations are
smaller for DOPS than for DOPC. In contrast, Fig. 3 B shows
that there are larger fluctuations in DOPS than DOPC at the
same osmotic pressure; this reversal is allowed by the much
different force-distance relations shown in Fig. 1.

NMR spectroscopy

Fig. 4 A shows that there is a marked difference in the *'P-
chemical shift anisotropy in DOPS compared to DOPC. For
DOPC, the anisotropy increases with increasing numbers of
water molecules per lipid ny (Gally et al., 1975; Gawrisch

8 T T T T T
A
(¢}
6 L _
Q ®
(@) ®
<4 o © . |
o o ©
L e
2 B Dgi ? n
0 C L I.I L L L 1 n i n n 1 L n n n L 2 L L I ]
50 55 60 65 70
D (A)
8 T T T T
B
®)
6 |
© ®
(@) (]
<4 oo &
(o) e D
O DOPC o)
2r ® DOPS %Qii 1
o |
0 C N N N 1 N L N 1 N N N .I T
2 4 6 8
log [P (dyn/cm’)]

FIGURE 3 Interlamellar spacing fluctuations o (Eq. 1) as a function of
(A) interlamellar repeat spacing D and (B) as a function of osmotic pressure
Posm for DOPC (Tristram-Nagle et al., 1998) and DOPS.
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FIGURE 4 (A) Chemical shift anisotropy of lipid phosphorus atom versus
the number of waters per lipid (nw). The arrows in A indicate reference
hydration levels for DOPC (Tristram-Nagle et al., 1998): a, all waters are in
the headgroup region nyw = 11(= ny); b, nw = 14.5 interlamellar waters at
P = 56 atm osmotic pressure; and ¢, nw = 32.5 interlamellar waters at full
hydration P = 0. (B) Average order parameters of deuterated stearoyl probes
versus ny. All data at 30°C except DOPS data in A at 22°C.

et al., 1985). By contrast, >'P-chemical shift anisotropy of
DOPS is larger in magnitude and is insensitive to changes in
water content (measured by us up to 250 waters/DOPS), as
previously shown by Browning and Seelig (1980).

To measure the effect of hydration on chain packing we
have used mixed-chain deuterated lipid labels as reporters
(Separovic and Gawrisch, 1996), SOPC-ds5 in host DOPC
and SOPS-dss in host DOPS, and we measured the order
parameter profiles for the deuterated saturated stearoyl
chains in the reporter lipids. The average order parame-
ters, shown in Fig. 4 B, give a measure of hydrocarbon
chain packing variation with water content (Separovic and
Gawrisch, 1996; Koenig et al., 1997). Since the order
parameters for pure SOPC-d;s and SOPS-d;s are much
larger in magnitude (Huster et al., 1998), the values in Fig.
4 B reflect the effect of the host bilayers. The acyl chain order
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decreases with increasing hydration. The order parameters
are larger for DOPS, indicating a smaller area per lipid for
the PS headgroup. Significant changes are seen at small
water content (<15 waters per lipid) when apposing bilayers
come into close contact. Smaller variations are seen at higher
water content.

The effect of lipid headgroup on the interlamellar water is
shown in Fig. 5 in terms of deuterium quadrupolar splittings
(heavy water was used in these measurements). The ’H-
NMR spectra (not shown) indicate homogeneous mixing
with resolvable splittings at 30 waters per lipid or less for
DOPS. For DOPC there is an excess water phase for ny >
32.5. At high water content, isotropic peaks dominate and
quadrupolar splittings cannot be resolved. The lowest
splitting resolved was ~0.6 kHz. Except at very small water

3 T T T T T
[ A ® DOPS
o0 O DOPC
P ]
N} 0
T 1o °
— 10 o
[e4
Z 1t OO@ ° .
ffffffffffffffffffffff OR---L.o o0
O- 1 1 1 1
0 10 20 nW30 40 50
3 T T
B DOPS

FIGURE 5 Quadrupolar splitting of water deuterium versus (A) the
number of waters per lipid nyw and versus 1/ny for (B) DOPS at 22°C and (C)
DOPC at 30°C. Horizontal dashed lines show the limit of resolution.
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content, the average water quadrupolar splitting is larger for
DOPS than for DOPC, so the PS headgroups, together with
their counterions, exert a stronger perturbation on the inter-
lamellar water than the zwitterionic PC.

Plotted versus the inverse number of waters per lipid, 1/nw
(Fig. 5, B and C), the quadrupolar splittings can be
interpreted in terms of hydration shells (Gawrisch et al.,
1985; Volke et al., 1994a,b). The intercepts of linear ex-
trapolations correspond to the average splittings of indi-
vidual shells. Even though the changes seen in Fig. 5 with
nw are continuous, formal decomposition into discrete shells
facilitates comparison between the two lipids. For DOPS,
a first (inner) shell next to the headgroups consists of highly
perturbed water molecules (n; = 11) with a quadrupolar
splitting of Av; = 1.5 kHz. Between this and an outer isotropic
shell, an intermediate shell exists with 7, = 10 and Av; = 0.6
kHz. For DOPC, the inner and the intermediate shells each
consists of approximately six waters, with Av; = 2.3 kHz
and Av, = 0.4 kHz. The quadrupolar splitting becomes
constant at ny = 24 or more. All values are approximate
within £1 water molecules.

Structural results

Numerical values for structural results are given in Table 1.
The first important number is area A for gel phase DMPS.
This is obtained directly from wide-angle x-ray data which
consists of a single peak with a scattering g-vector in the
plane of the bilayer. This indicates hexagonal packing of
chains oriented perpendicular to the DMPS bilayer. Because
there is no chain tilt, the area per lipid is simply twice the
cross-sectional area per chain, 2Ac. Using the standard
formula Ac = 2d*>/+/3 for hexagonally packed chains
(Tardieu et al., 1973; Tristram-Nagle et al., 1993), our
measured d = 4.18 A gives APMPS = 40.8 A% It is interesting

TABLE 1 Summary of structural parameters

DOPC DOPS* DMPC DMPC  DMPS

fluid fluid gelt fluid* gel
T (°C) 30 30 20 30 20
My (g/mol)  786.2 810.0 678.0 678.0 701.8
ni (e) 434 442 374 374 382
F(0)(e/A%) 0.0 1.03 0.9 0.2 2.85
v (ml/g) 0.998 0913 0.93 0.978 0.84
VL (A% 1303 1228 1050 1101 979
Vi (A% 319 244 319 319 244
Ve (A% 984 984 731 782 734
D (A) 63.1 52.5 () 59.9 62.7 oo
Dun (A) 36.9 39.0 (38.4) 40.1 36.0 443
Dc (A) 13.6 15.4 (15.1) 15.2 13.1 18.0
Dy (A) 36.0 38.3 (37.6) 43.7 36.9 47.8
A A 72.5 64.1 (65.3) 48.1 59.7 40.8

*Structural parameters at zero osmotic pressure obtained by extrapolation
are shown in parentheses.

tFrom gel data at 10°C that has been extrapolated to 20°C (Tristram-Nagle
et al., 2002).

*Data from Petrache et al. (1998b).

1579

to compare this cross-sectional chain area 2A- of DMPS with
DMPC, for which 2Ac = A cos Oy, Although DMPC is
not in the gel phase at 7T = 20°C, extrapolation to this
temperature using results from Sun et al. (1996) and
Tristram-Nagle et al. (2002) yields 24c = 40.7 A”
Comparison with 2Ac for DMPS shows that the density of
chain packing in these gel phases is not significantly affected
by the headgroups, which, instead, primarily affect the chain
tilt.

The intensities of low-angle lamellar diffraction peaks for
gel phase DMPS were obtained from oriented samples that
had up to & = 11 orders of diffraction. The absolute value of
the bilayer form factors |F(¢ = 27h/D)| that were obtained
from the intensities are shown in Fig. 6 A for orders & = 1-4
for five different hydration levels (different D-spacings). The
0™ order F (0) was obtained using volumetric data and the
fundamental relation AF(0) = 2(n; — p}, VL) (Nagle and
Wiener, 1989), where n] is the number of electrons in the
lipid and p3y is the electron density of water. The solid line
in Fig. 6 A shows the continuous Fourier transform of the
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FIGURE 6 Low-angle lamellar data for the form factor IF(¢)l is shown by
symbols. (A) Gel phase DMPS, orders 7 = 1-4 only. The solid line is the
best model fit. (B) Fluid phase DOPS. The solid line is derived from one
sample with data shown with solid squares and D = 52.5 A.
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electron density for the best model that was fit to both low-
angle and wide-angle x-ray data, using the fitting program
developed to analyze DMPC gel phase data (Tristram-Nagle
et al.,, 2002). The result for the half-thickness of the
hydrocarbon chain region is Dc = 18.0 A. Then the volume
of the hydrocarbon chain region is VEMPS = ADc = 734 A
Use of the model method obtains absolute scales for both the
continuous transform in Fig. 6 A and the electron density
profiles shown in Fig. 7 A. There are two electron density
profiles for DMPS in Fig. 7 A. The one labeled # = 4 was
obtained using only the four orders shown in Fig. 6 A. The
one labeled & = 11 used higher orders (not shown in Fig.
6 A). The inclusion of higher orders shows additional
structure in the electron density profile in the headgroup
region near z = 20 A in Fig. 6 A. However, it is important for
this study to show the electron density profiles at low spatial
resolution (& = 4) to obtain a comparison of Dy with the
fluid phase of DOPS, for which higher orders of diffraction
are unobservable due to fluctuations.
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FIGURE 7 Electron density profiles versus normal to the bilayer z. (A)
Gel phase DMPS at 20°C (black) and DMPC at 10°C (gray) obtained from
model fitting using four (dashed) or more (solid) orders of diffraction. (B)
Fluid phase DOPS (solid) and DOPC (dashed) at 30°C, both constructed
using Fourier series with four orders of diffraction.
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The electron density profile for DMPS in the gel phase is
compared to DMPC in Fig. 7 A. The larger bilayer thickness
of DMPS is expected because the chains are not tilted in
DMPS whereas they are tilted by >30° in DMPC (Tristram-
Nagle et al., 2002). The density in the methylene plateau
region is similar for the two lipids. The larger methyl trough
in the case of DMPS is expected because the area A is
smaller, so there is a larger effective density of methyl
groups along the bilayer normal. The headgroup peaks are
larger for DMPS than for DMPC. This is due to an overall
larger electron density in PS headgroups. Whereas the
number of electrons in a PS headgroup (including the Na™
ion) is larger by only 5% (172 e vs. 164 e), headgroup
volume is smaller by almost 30% (Table 1 and see below).
The shape of the headgroup peak is similar for DMPS and
DMPC; in the high-resolution profiles (A = 11) there is
a marked shoulder toward the hydrocarbon region due to the
carbonyl groups.

Moving on now to fluid phase DOPS, the neutral
buoyan