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The structure and water permeability of bilayers composed of the ether-linked lipid, dihexadecylphos-
phatidylcholine (DHPC), were studied and compared with the ester-linked lipid, dipalmitoylphosphadit-
dylcholine (DPPC). Wide angle X-ray scattering on oriented bilayers in the fluid phase indicate that the
area per lipid A is slightly larger for DHPC than for DPPC. Low angle X-ray scattering yields A=65.1 A2 for
DHPC at 48 °C. LAXS data provide the bending modulus, Kc =4.2 x 10-'3 erg, and the Hamaker parame-
ter H=7.2 x 10~ erg for the van der Waals attractive interaction between neighboring bilayers. For the

gf}{::;ol:ﬁfd low temperature phases with ordered hydrocarbon chains, we confirm the transition from a tilted Lg
X-ray gel phase to an untilted, interdigitated Lgl phase as the sample hydrates at 20°C. Our measurement of
Structure water permeability, Pr=0.022 cm/s at 48°C for fluid phase DHPC is slightly smaller than that of DPPC

Water permeability
Lipid bilayers

(P¢=0.027 cm/s) at 50°C, consistent with our triple slab theory of permeability.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Ether lipids occur in biological systems primarily as plasmalo-
gens, where the first carbon chain is attached to the glycerol
backbone via an ether linkage, instead of the more common ester
linkage as for the second carbon chain. Plasmalogens have been
found in all mammalian tissues examined: nerve myelin can con-
tain up to 52% plasmalogens of total phospholipids (O’Brien and
Sampson, 1965). In ox heart, 45% of total phospholipids have ether
linkages, primarily occurring in the mitochondria (Warner and
Lands, 1961). About 15% of the phospholipids from human red blood
cells are ether-linked lipids and this percentage is higher in white
blood cells (Williams et al., 1966). Interestingly, ether lipids become
elevated in tumor tissue by ~10% of the total lipid content (Snyder,
1972), which may signal macrophages to destroy them (Yamamoto
and Ngwenya, 1987). In recent investigations of cancer treatment,
synthetic alkyl phospholipids insert into the plasma membrane and
kill tumor cells directly through apoptotic and non-apoptotic cell
death and indirectly by causing interference in pathways that are
critical for phospholipid survival (Mollinedo et al., 1997; Vink et al.,
2007).
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The effect of the ether linkage, compared to the ester link-
age, on the structure and properties of lipid bilayers is of interest
because it is a well localized chemical perturbation that affects
physical properties. In order to focus solely on this specific link-
age, many studies have compared dipalmitoylphosphatidylcholine
(DPPC) which has two 16-carbon saturated chains attached to the
glycerol backbone via ester linkages, with the model lipid, dihex-
adecylphosphatidylcholine (DHPC) which has ether linkages on
both chains. One dramatic difference is that, whereas DPPC forms a
conventional gel (Lg/) phase at room temperature, as DHPC hydrates
it converts from a normal gel phase to a chain interdigitated (Lgl)
phase (see Fig. 1) (Ruocco et al., 1985; Kim et al., 1987a; Laggner et
al., 1987) and several hypotheses have been advanced for this phase
transition (Laggner et al., 1987; Siminovitch et al., 1987; Hatanaka
etal., 1997; Batenjany et al., 1997). The roles of headgroup hydration
(Haasetal., 1990), headgroup orientation (Hauser, 1981), and mem-
brane dipole potential and hydration force (Gawrisch et al., 1992)
of DHPC have been investigated. Probes of DHPC have included
changing pH (Furuike et al., 1999), changing hydrostatic pressure
(Siminovitch et al., 1987) and binding to trehalose (Takahashi et al.,
1997).

One of our main motivations for studying ether vs. ester link-
ages is to test a recent theory that proposes that the headgroup
interfacial region is the major determinant of water permeability
through membranes (Nagle et al., 2008). This theory was motivated
by comparing structural and permeability data for five ester-linked
phosphatidylcholines (Mathai et al., 2008). We now extend this
database for this theory by changing the headgroup (our conven-
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Fig. 1. DHPC phases: gel (partially dehydrated), interdigitated (fully hydrated) and fluid (fully hydrated, T>44°C). Important structural quantities such as chain tilt (6;),
area/chain (Ac), area/lipid (A), hydrocarbon region thickness (2D¢) and head-to-head spacing (Dyy ) are shown.

tion includes the phosphatidylcholine and the glycerol backbone as
well as the ester vs. ether linkages in the headgroup) while keeping
the chains (starting from the 2nd carbon) the same. Our structural
work begins with conventional X-ray methods using both low angle
lamellar scattering (LAXS) and wide angle scattering (WAXS) that
confirm the room temperature Lgl interdigitated structure and a
partially dehydrated, Lg gel structure of DHPC in multilamellar
samples. Enhanced analysis methods are used to refine these chain
ordered structures. The fluid (L) phase structure of DHPC at 48 °C
is obtained using modern analysis methods applied to LAXS diffuse
X-ray scattering (Liu and Nagle, 2004) and to WAXS X-ray scattering
(Mills et al., 2008). New results for the interactions between DHPC
bilayers are also obtained. Both chain ordered and fluid phase struc-
tures are compared to our published structures of gel phase DPPC
(Tristram-Nagle et al., 1993; Sun et al., 1996; Wiener et al., 1989)
and fluid phase DPPC (Kucerka et al., 2006). The structural results
are then compared to new measurements of water permeability
through fluid phase DHPC bilayers.

2. Experimental
2.1. Materials and sample preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC, Lot
160PC-267) and 1,2-dihexadecyl-sn-glycero-3-phosphocholine
(DHPC, Lot 160DEPC-16 and 160DEPC-18) were purchased from
Avanti Polar Lipids (Alabaster, AL) in the lyophilized form and
used without further purification. Thin layer chromatography
(TLC) using chloroform:methanol:7N NH4OH (46:18:3, v/v/v)
revealed <0.1% lysolipid when stained with molybdic acid stain for
DPPC and both lots of DHPC. HPLC grade organic solvents were
purchased from Aldrich. Electrospray ionization mass spectroscopy
verified that both lots of DHPC had the same molecular weight
of (706 Da) and a purity >99%. Optical rotatory dispersion (ORD)
carried out by Dr. Steve Burgess at Avanti Polar Lipids detected
~20-30% of the p-isomer and ~70-80% L-isomer of DHPC in Lot
16, and ~100% L-isomer in Lot 18.

Four mg DHPC or DPPC was dissolved in 200wl organic
solvent (chloroform/methanol (3:1)) and then oriented onto
30 mm x 15 mm x 1 mm silicon wafers using the rock and roll tech-
nique (Tristram-Nagle, 2007), with the modification that for DHPC
this technique was performed in an oven at 50 °C, since high tem-
perature helped to orient this lipid. Hydration from water vapor
was then carried out in a thick-walled hydration chamber (Kucerka
et al., 2005) until the lamellar D-spacing was within 1-2 A of its
fully hydrated value.

Fully hydrated D-spacings were obtained from unoriented mul-
tilamellar vesicle (MLV) samples in excess water prepared by
weighing 1-2 mg of dry lipid with 40 wl Milli-Q water and thor-
oughly mixed in small nalgene vials. These were vortexed and
thermally cycled three times between 50°C and —20°C and loaded

into 1 mm diameter glass capillaries. Large unilamellar vesicles
(ULV) of ~60 nm diameter for structural studies were prepared in
pure water by extrusion as described by Kucerka et al. (2005).

2.2. X-ray scattering experiments

X-ray data of oriented fluid phase DHPC at 48 °C were obtained
at the Cornell High Energy Synchrotron Source (CHESS) using the
G1 station on three separate trips on which the wavelength was
set with a WB,4/C multilayer monochromater to 1.1797, 1.1808 and
1.2742 A with a full width at half maximum of +£0.012 A and the total
beam intensity was ~10"! photons/s. Beam widths were 0.2 mm;
our preferred tall beam (0.6-1.0 mm vertical height) was unavail-
able on one trip when the beam had to be short (0.2 mm). The sam-
ple was ~10 wm thick along the normal to the ~2000 bilayers. Its
dimension along the direction of the beam for LAXS was either nar-
row (5 mm) for use with the tall beam or wide (13 mm) for use with
the short beam, and for WAXS the sample was narrow (4 mm). The
flat samples were rotated from —3° to 7° in 0 relative to the beam
during the 30-60 s LAXS exposures and were X-rayed at fixed 6 for
the 10-20 s WAXS exposures. LAXS data from unoriented unilamel-
lar vesicles (ULV) were also obtained as described by Kucerka et al.
(2005) and exposure times were 60 s. For WAXS, 6 =0.2° was used
to first collect lipid scattering and then 6=—0.2° was used to col-
lect background chamber scattering that was subtracted from the
lipid data (Mills et al., 2008). Data were collected by a Flicam CCD
(Finger Lakes Instrumentation, Lima, NY) with a 1024 x 1024 pixel
array and pixel size 69.78 pum/pixel. The sample-to-CCD distance
was 400 mm for LAXS and 155 mm for WAXS. Temperature was con-
trolled with a Neslab Controller (Portsmouth, NH) and monitored
using a Cole-Parmer Thermistor Thermometer (Vernon Hills, IL).

MLV samples were X-rayed at 20 °C and 48-50 °C using a Rigaku
RUH3R microfocus rotating anode (Woodlands, TX) equipped
with a Xenocs FOX2D focusing collimation optic. Beam size was
1mm x 1mm and 20 min scans were collected using a Rigaku
Mercury CCD detector with a pixel size of 68.0 wm/pixel; silver
behenate (D =58.367 A) was used for calibration. A background cap-
illary containing only Milli-Q water was subtracted from the lipid
samples. Oriented gel phase data at 20 °C for both DPPC and DHPC
(160DEPC-18) and WAXS data for DPPC at 50 °C were also collected
using this X-ray setup. Temperature was controlled with a Julabo
Controller (Allentown, PA) and monitored with a Cole-Parmer ther-
mistor thermometer (Vernon Hills, IL).

2.3. Analysis of LAXS data from chain ordered phases

Intensities I(h) of lamellar orders h were obtained from back-
ground subtracted discrete Bragg peaks. For oriented samples, an
absorption correction was applied (Tristram-Nagle et al., 2002) and
the usual Lorentz correction of q for oriented samples or g2 for cap-
illary samples was applied. Our detailed modeling analysis used a
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Table 1
Summary of structural and interaction results for DHPC and DPPC.

DHPC (int) DHPC (gel) DPPC (gel) DHPC (fluid) DPPC (fluid)
T(°C) 20 20 20 48 50
np (electrons) 394 394 406 394 406
PHy0 (e/A3) 0.3337 0.3337 0.3337 0.3308 0.3300
Vi (A3) 1126! 1126 11442 12231 122912
A(A2) 77.2 46.9 47.03-6 65.1 64.3
Dmax (A) 47.8 60.5 63.4 67.9 66.7
Dy (A) 29.1 45.6 44.53 38.2 37.8
2Dc (A) 20.3 34,6 34.65 27.6 27.9
Dy, (A) 9.5 7.9 10.4 223 20.8
Ac (A2) 19.3 19.9 20.0% = =
Kc (x10-B erg) - - - 42+0.7 6.7+0.7
SX-ray = = - 0.36+.04 0.41 +.02
Pr (x1073 cm/s) - 0.011 +0.007 0.012+0.007 22+6 27+4
Vi (A3) 340 319 331 326 331
Dy (A) 439 5.49 4.95 5.3 4.95
Ve (A3) 786 806 813 897 897
A (A) - - - 8.4 43
Pg (x10- Y erg) = = = 3.2 4.7
H(x10 " erg) - - - 7.2 8.2

TLaggner et al. (1987), 2Nagle and Wilkinson (1978), 3Wiener et al. (1989), 4Tristram-Nagle et al. (1993), >Sun et al. (1996) and 5Sun et al. (1994).

2G hybrid electron density model (Wiener et al., 1989) as described
previously (Tristram-Nagle et al., 2002). The 2G model consists
of two pairs of headgroup Gaussians, a negative Gaussian for the
methyl trough, a plateau for the water electron density and another
plateau for the chain methylene electron density and a smooth,
cosine bridging function to connect the two plateau regions. In
the case of interdigitated DHPC, which is missing a central methyl
trough, the second pair of ‘headgroup’ Gaussians was allowed to be
negative to model the terminal methyl groups on the hydrocarbon
chains. This program makes full use of non-LAXS data, such as the
volume per lipid V| and WAXS results listed in Table 1. The vol-
ume/lipid provides an important relation between the area A and
the zeroth order form factor F(0) (Nagle and Wiener, 1989):

AF(0) = 2(n. — pwVL), (1)

where ni is the number of electrons/lipid and pw is the electron
density of water (see Table 1). Our modeling analysis also uses the
chain tilt angle (0;) and the area A obtained from wide angle X-ray
data.

2.4. Analysis of LAXS diffuse data from the fluid phase

The analysis of diffuse data has been described in previous pub-
lications (Lyatskaya et al., 2001; Liu and Nagle, 2004; Kucerka et
al., 2005, 2006) and will be reviewed here only briefly. The scat-
tering intensity for a stack of oriented bilayers is the product:
1(q)=S(q)|F(q2)|*/q,, where q=(qr, q), S(q) is the structure inter-
ference factor, F(q;) is the bilayer form factor and g; ! is the usual
low angle approximation to the Lorentz factor for narrow oriented
samples and a tall beam for which all the sample remains in the
beam for all relevant q. The Lorentz correction changes to q;z when
only a short beam was available and for which wide samples were
used to ensure that the footprint of the beam on the sample was
smaller than the sample for all relevant q. The first step of the anal-
ysis obtains the bilayer bending modulus (K¢), the compression
modulus (B), and |F(q;)|?/q.. The g, axis for oriented |F(q;)| data was
multiplied by 1.022 to correct for undulations (Nagle and Tristram-
Nagle, 2000). In the second step, we used the H2 model (Klauda
et al., 2006) to determine the electron density with the Fourier
transform that best fits the experimental |F(q;)|. In the H2 model
the headgroups (phosphate and carbonyl/glycerol) and the methyl
trough are modeled as Gaussians, while the water/choline density
and methylene regions are modeled as error functions.

2.5. Analysis of fluid phase WAXS Data

WAXS emanates primarily from chain scattering that is affected
by interchain distances and chain orientational order. The orienta-
tional order is obtained from the angular dependence I(¢) (where
tan ¢ =q./qr) of WAXS data from oriented samples which are ana-
lyzed following Mills et al. (2008). An X-ray order parameter:

1
Sxray = 5(3(cos B) —1) (2)

provides a measure of the distribution of local tilt angles S.

2.6. Permeability Measurements

Water permeability P was measured as previously described
(Lande et al., 1995; Mathai et al., 2008). First, ULV were prepared
by weighing lipid (5mg) into a glass vial and dissolving in 1:2
chloroform-methanol solution. The solvent was evaporated under
nitrogen at 40 °C and residual solvent was removed under vacuum
overnight. The dried lipid was hydrated in carboxyfluorescein (CF)
buffer (100 mM NaCl, 50 mM sucrose, 10 mM of fluorescent probe
5-6 CF and 20 mM MOPS, pH 7.4) by cycling three times from 50 °C
to —20°C with vortexing. The lipid solution was then briefly probe
sonicated for 30-60s at a low setting of 5mW (Virsonic 60, The
Viritis Company Inc.). This lipid solution was extruded 21 times
through a 100-nm nucleopore filter at 50°C by using the Avanti
mini-extruder assembly. Extravesicular CF was removed by passing
the solution through a Sephadex PD-10 desalting column (Amer-
sham) and the liposomes were collected in the void volume.

ULV in buffer were abruptly subjected to a 50% increase of
external osmotic pressure in an Applied Photophysics (SX.18MV)
stopped-flow device. The outflow of water decreases liposomal
volume, which is measured by the self-quenching of entrapped car-
boxyfluorescein. All water permeability measurements were done
within 120 min of ULV preparation at 20 °C (DHPC and DPPC), 48 °C
(DHPC) and 50°C (DHPC and DPPC). The sizes of the ULVs were
obtained by dynamic light scattering using the Malvern nanoparti-
cle sizer. The experimental osmotic water permeability coefficient,
Py, was obtained by finding the best comparison of the time con-
stants obtained from single-exponential fits of the fluorescence
decrease to those from a family of curves with varying Pf values
that were generated using the water permeability equation and the
measured ULV diameter.
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Fig. 2. LAXS and WAXS X-ray intensities of MLV of DPPC and DHPC in excess water
in capillaries at 20 °C. The DPPC curves are displaced vertically.

3. Results
3.1. Chain ordered phases

Fig. 2 shows X-ray diffraction data for fully hydrated MLV sam-
ples of both DHPC and DPPC at 20 °C in excess water in capillaries.
The D-spacing results for these data, given in Table 1 as Dax, Show
that DHPC has a much smaller lamellar D-spacing than DPPC, con-
sistent with an interdigitated Lgl phase. Also evident in Fig. 2 is the
WAXS (high q region), which is enlarged in the inset to Fig. 2. The
DHPC WAXS shows a prominent, symmetrical peak, consistent with
hexagonal packing of untilted rotamerically ordered chains with
azimuthal disorder (Nagle, 1980), while a sharp peak with a broad
shoulder in the DPPC WAXS is typical of orthorhombic packing of
tilted chains (Tardieu et al., 1973; Sun et al., 1994).

Initially dry oriented samples were slowly hydrated through the
vapor and the lamellar D-spacing of DHPC increased until it reached
60.5A for the data shown in Fig. 3A. Upon further hydration, the
pattern changed dramatically as shown in Fig. 3B and the D-spacing
decreased to 47.8 A, which was the same value obtained for the fully

Intensity (arb. units)

ol '\.’.?
-||||||||||l||xx||||||||||||||||||||

0 10 20 30 40 50 80 70
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Fig. 4. I(¢) plot for DHPC in the Lgl phase (open circles) with a Gaussian fit (black
line), and for the drier, LB’L phase (solid circles). The LB’L intensity data were decon-
voluted into three Gaussians, shown beneath the total intensity data, and the solid
magenta line is their sum.

hydrated D-spacing of unoriented MLV samples. The time for this
phase transformation from gel to interdigitated phase ranged from
less than measurable (~5 min) to as long as 2 h, depending upon the
specific hydration conditions. As was mentioned in Section 2, well
oriented samples of the ether-linked DHPC were more difficult to
prepare than ester-linked lipids and larger mosaic spread, promi-
nently visible in Fig. 3 (though only ~0.13° as determined by rocking
scans, compared to <0.1° for ester-linked lipids), was present even
after annealing at 50-60°C in a humid environment.

Despite the relatively poorer orientation of these DHPC samples,
WAXS data reveal considerably more structural information than
WAXS from MLV samples. Fig. 3B suggests that there is an under-
lying single Bragg rod that has maximum intensity on the equator
with tails extending ~L~! to the positive and negative q, directions,
where L is the length of the hydrocarbon chains. This interpretation
is substantiated in Fig. 4 which shows I(¢) plots. Since scattering
intensity below 5° is decreased by absorbance of the sample and
the silicon substrate, the maximum intensity at g, = 0 is not actually
observed, but its location at g; =0 is consistent with the Gaussian
fit to the I(¢) data shown in Fig. 4. The relatively large width of this
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Fig. 3. CCD images of background subtracted scattering (LAXS at g-=0A~1 and WAXS near q,=1.5A-1) at 20 °C from oriented samples of DHPC. The images are essentially
grayscale with white showing high intensity and red pixels indicating small negative values. (A) Partially dry Lgp gel phase with a LAXS D-spacing of 60.5 A. (B) Fully hydrated,

interdigitated Lgl phase with a LAXS D-spacing of 47.8 A.
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Gaussian compared to typical gel phase bilayers like DPPC is consis-
tent with the thickness of the hydrocarbon region consisting of the
length L of only one chain instead of two. These results are consis-
tent with an Lgl phase with the hydrocarbon chains perpendicular
to the plane of the bilayer, i.e. chain tilt angle ¢ =0.

In contrast, the largest intensity for the drier Lg; phase in Fig. 3A
occurs at a non-zero ¢ angle and this indicates that the chains are
tilted by a non-zero angle 6;. Although mosaicity makes a defini-
tive interpretation impossible, Fig. 4 suggests that the I(¢) plot may
be decomposed into three peaks, corresponding to the three Bragg
rods thatoccurinanLg gel phase, adapting the notation of Smith et
al. (1990), with chains tilted nearly toward nearest neighbor chains
but with a deviation in the azimuthal angle of a few degrees. If
so, then we estimate that the overall angle of the chain tilt 0 is
approximately 32° using the formulae in Tristram-Nagle et al. (1993,
2002).

Fig. 5 shows the chain packing d-spacing as a function of ¢ from
the oriented WAXS data. For the Lgl phase, the d-spacing of 4.09A
for small ¢ does not vary significantly with increasing ¢. Assuming
a pattern of hexagonal chain packing, d=4.09 A gives a cross sec-
tional area per hydrocarbon chain Ac =19.3 A2 and then 6 =0 gives
anareaA per lipid of 4A¢ = 77.2 A2. Also, the volume of the hydrocar-
bon region V¢ =786 A3 is obtained by multiplying 2A¢ by the length
of an all-trans chain (16 x 1.27 A starting from the second carbon
and using 2.54 A for the terminal methyl). By contrast, at least two
different d values are observed in the DHPC gel phase, which is
expected for tilted chains in an orthorhombic packing. With our
interpretation that this gel phase is an Lg/L phase that is close to
the usual Ly phase, we can approximate the larger d=4.23 A near

¢ =0 with dyg and the smaller d=4.12 A near ¢ =30° with d;;. We
then use the formula (Tristram-Nagle et al., 1993):

Ac =dyodn/\/1- (d11/2d20)? (3)

to obtain Ac =19.9 A2 and V = 806 A3. We then obtain the area/lipid
with A=2Ac/cos 0. Then, using 6; =32° gives A=46.9 A% in the Lg/|
gel phase.

We obtained the intensities for nine orders of diffraction from
oriented gel phase DHPC and took the square root of the Lorentz
corrected intensities to give the relative values of the unsigned
form factors. Our detailed analysis (Section 2.3) provided absolute
form factors |F(q,)| shown in Fig. 6A for each order h=1-9. Our
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Fig. 5. WAXS D-spacing for DHPC at 20°C as a function of ¢, where d=2IT/qmax
and gmax locates the maximum intensity along the radial with angle ¢. The fully
hydrated interdigitated Lgl phase is shown with open circles and the drier LB’L gel
phase is shown with solid circles.

analysis used h=0 via Eq. (1) and the wide angle determination
of A. Our refined analysis obtained the phase factors indicated by
(£) in each lobe of the continuous Fourier transform F(q;) of the
electron density profile. Even without the refined analysis, there
is a sufficient range of D values (58.3-60.2 A) that the phases can
also be assigned in the conventional fashion (Kim et al., 1987a).
Fig. 6B shows the Fourier reconstruction of the electron density
profile from one sample with D=59.5 A. All samples gave very sim-
ilar profiles with Fourier “wiggles” in the chain region due to a finite
number of orders, while the headgroup peak is smooth with a weak
shoulder toward the center of the bilayer. The electron density pro-
file obtained from our refined modeling has a more physical, flat
methylene region because that was imposed on the model. In addi-
tion to the main phosphate electron dense peak near +23 A, it also
has secondary peaks near +19 A that arise from modeling the excess
electron density of the glycerol backbone and the ether linkages.
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Fig. 6. (A) The symbols show absolute values of the form factors |F(qy)| for h=0-9 from an oriented sample of DHPC L phase for a range of D=58.3-60.2 A. The solid black
line is the continuous Fourier transform of the electron density profile that emerges from our analysis. Phase factors (£) are indicated for each lobe. (B) Electron density
profiles vs. distance z from the center of the bilayer. Our modeling analysis gives the smooth black solid line which gives the continuous transform F(q;) shown by the solid
black line in (A). The wiggly gray line shows a Fourier reconstruction from the set of reflections obtained from the sample with D=59.5A.
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are indicated for each lobe. (B) Electron density profiles vs. distance z from the center of the bilayer. Our modeling analysis gives the smooth black solid line which gives the
continuous transform F(q;) shown by the solid black line in (A). The wiggly gray line shows a Fourier reconstruction from the set of reflections obtained from the sample with

D=46.7A.

This unexpected feature was driven by the electron density model
obtaining a better fit to the |F(g,)| data when the glycerol Gaussian
has a narrow ~1 A width. It cannot be justified solely by |[F(gy,)| data,
which only have canonical resolution of 60 A/hpax. Of course, the
modeling analysis also includes additional information from WAXS
and volume measurements, and the imposition of a model yields an
extrapolation to an infinite number of orders. Nevertheless, caveats
are in order, especially for this DHPC gel phase. First, the volume V,
could only be measured in the fully hydrated interdigitated phase
and the gel phase volume is certainly different in view of the differ-
ence in wide angle spacings in Fig. 5. Second, the electron density
in the methylene plateau inferred from WAXS was 0.312 /A3 but,
as also occurred in our study of the gel phase of DMPC (Tristram-
Nagle et al., 2002), the fit to the data improved when this value
was relaxed; the fit in Fig. 6 used 0.318 e/A3. Third, it was not
possible to obtain 6; accurately from WAXS due to the mosaic
spread.

We obtained intensities for five orders of diffraction from ori-
ented interdigitated phase DHPC, and three orders from a capillary
sample in excess water (Fig. 7A, solid circles). We have frequently
found that the ratio of the intensity of the h=1 order to the inten-
sity of higher orders is smaller in oriented samples than in MLV
capillary samples, perhaps due to high reflectivity from the surface
or extinction effects (Zachariasen, 1945). Because MLV samples are
free of such artifacts, we have arbitrarily multiplied all the oriented
h=1 form factors by 2 so that they agree with the MLV data. (A
similar factor was employed for the h=1 form factors of the DHPC
gel phase for which there were no MLV data. For both the gel and
interdigitated phases, a very large uncertainty was assigned to the
modified h =1 intensities so they had negligible influence on fitting
the analytical model to the |F(q,)| data.) The phase factors are easily
assigned from Fig. 7A and agree with our modeling analysis which
also assigns absolute values to F(q;). The Fourier reconstructions
of the electron density profiles were similar for all D-spacings. As
can be seen in Fig. 7B, the minimum at z=0 is more likely to be a
Fourier wiggle than a methyl trough, which instead is most likely to
be located at the two deeper minima near +8.5 A, consistent with
an interdigitated phase. This conclusion is strongly supported by

our modeling analysis which gives the result in Fig. 7B that corre-
sponds to the continuous Fourier transform in Fig. 7A. More detailed
structural results are summarized in Table 1.

Curiously, however, as shown in Fig. 8, the form factors for ULVs
of DHPC did not agree with the interdigitated form factor in Fig. 7A,
but agreed much better with the gel phase form factor in Fig. 6A,
indicating that the ULV ordered phase was a gel phase. This result
was the same whether the solvent was pure water or buffer. It
should be noted, however, that all measurements were done within
2 h of ULV preparation at high temperature and perhaps the inter-
digitated phase did not have time to form.

—GEL 4

.é — — INTER

F(a,)| (e/A?)

Fig. 8. Form factor data points from unilamellar vesicles of DHPC in water at 20°C
compared to continuous form factor transform of gel phase (solid line) and interdig-
itated phase (dashed line) results from multilamellar samples.
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Fig. 9. CCD grayscale image of fluid phase LAXS from DHPC at 48 °C with higher
intensity shown by white pixels and lower intensity by gray pixels. The beam and
first two lamellar orders (h=1 and 2) of the repeat spacing D=66.1A are visible
through a semi-transparent molybdenum beam stop that is located in the bottom
left corner and has a thick part (black pixels) and a thinner part (dark gray pixels).
The diffuse scattering lobes are numbered 1-3. The data used to determine K¢ and
B were contained in the yellow fitting box.

3.2. Fluid phase

Fig. 9 shows typical LAXS diffuse data for DHPC in the fluid phase.
Results for the bending modulus, K¢, are shown in Fig. 10. K¢ does
not vary significantly with D, consistent with it being a property of
single bilayers; the scatter in the values indicates the level of exper-
imental uncertainty in the value of K¢. It may be noted that on the
first CHESS trip with Lot 16 of DHPC, we were surprised to observe
D-spacings for DHPC at 48 °C much higher than those for DPPC at
50°C. (This temperature difference is insignificant; these temper-

10 ———————————————————
9r ¥ DHPC(Lot18) .
I ¥ DHPC(Lot16) 1
8 " a i H DPPC a
[ ] n 4
7 n
& ST
o i LI | u
v
= 6} - .
o l’ 7
2 v %V
x ¥ yvYY Y
v
4+ v -
v
v
3 - -
2k -
" L " " 1 " " L " 1 L " " L 1 " " " "
60 65 70 75 80

D (A)

Fig. 10. Bending modulus, K¢, vs. D-spacing for two lots of DHPC at 48°C: Lot 18
(solid triangles) and Lot 16 (open triangles). DPPC values (solid squares) at 50 °C are
shown for comparison.

atures were chosen since the volumes/lipid are known (Laggner et
al., 1987; Nagle and Wilkinson, 1978).) Upon checking the purity
with TLC we found that Lot 16 migrated as a single spot; addition-
ally mass spec confirmed the correct molecular weight of 706 Da.
Later, Avanti Polar Lipids carried out ORD and found contamina-
tion with up to 30% of the D-isomer in the usual L-isomer of DHPC.
Avanti then supplied us with another sample of DHPC (Lot 18) with
essentially 100% L-isomer. Lot 18 only swelled to 67 A as shown in
Fig. 10,and K¢ was smaller than that of DPPC. These results for D sug-
gest the interesting hypothesis that racemic mixtures may affect the
interbilayer interactions and the results for K¢ suggest that racemic
mixtures may affect the stiffness of the bilayer. In Fig. 11 the B mod-
uli are shown as a function of D-spacing. Lot 16 is included simply
to show that a mixture of isomers produces quite different inter-
bilayer behavior than the single, natural L-isomer. For the structural
work in this paper, only Lot 18 DHPC was used.

As shown previously, there is no correlation between Kc and
permeability through ester-linked bilayers (Mathai et al., 2008),
so these results for Kc and B are of interest for fluctuations
and interactions between bilayers rather than for water perme-
ability. Following Pan et al. (2008), the fluctuation free energy
Fq = (kT/2m)(B/Kc)'/? was calculated as a function of D. The result
(not shown) is well fit by Fy ~ exp(—D/Aq) which then implies that
the fluctuation pressure Pq = F/Aq. At full hydration, the hydration
pressure is negligible and the osmotic pressure is zero, so the fluctu-
ation pressure was equated to the van der Waals attractive pressure
to obtain the Hamaker parameter H. Calculating the van der Waals
pressure requires the water spacing Dy (defined as D — 2D — 18 A),
where D¢ is obtained from our subsequent structural determina-
tion. The numerical results are reported in Table 1.

After K¢ and B were determined, the structure factor, S(q), was
calculated and the continuous |F(q;)| data on relative scales for
oriented samples were obtained as described in Section 2. Fig. 12
shows some of our form factor data presented to indicate the level
of experimental uncertainty. The solid magenta line is the Fourier
transform of the electron density of the H2 model whose parame-
ters were chosen to provide the best fit to the relative F(q;) results;
this fitting procedure provides the absolute scale factor for F(q;).
Also shown is F(0) (solid circle) which was required to satisfy Eq.

(1).
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Fig. 11. B modulus vs. D-spacing for two lots of DHPC at 48 °C: Lot 18 (solid trian-
gles) and Lot 16 (open triangles). DPPC values (solid squares) at 50 °C are shown for
comparison.
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Fig. 12. Absolute continuous Fourier transforms of the electron density for DHPC
fluid phase at 48 °C. The H2 model (solid magenta line) was fit to the ULV data (open
red circles), oriented data averaged over 11 samples (open black circles), oriented
data from a single sample (inverted open green triangles) and oriented data from a
single sample using the g2 (instead of q!) data collection setup (open blue triangles).

The electron density determined by the fit in Fig. 12 is shown
in Fig. 13. The total electron density profile is shown as well as
the component groups in the H2 model. Also shown in Fig. 13 is
D¢, the Gibbs dividing surface for the hydrocarbon region, and Dg/,
an estimate of the steric thickness. Fitting the H2 model requires
the volume/headgroup, Vy. The volume of the hydrocarbon chain
region V¢ should be nearly the same for DPPC as for DHPC, so we
used the same values as shown in Table 1, which then determined
Vi =326 A3 for DHPC from the V; measurement. Our procedure usu-
ally requires using gel phase information for the distance Dy; from
the phosphate peak to the hydrocarbon Gibbs dividing surface Dc.
Surprisingly, when Dy; was allowed to be a free parameter, we
obtained a good fit with Dy; close to the value deduced for the
gel phase. Structural results are summarized in Table 1.

Fluid phase DHPC also produces WAXS diffuse scattering which
results from chain-chain correlations described in detail by Mills et
al.(2008). The WAXS d-spacing is centered near 4.6 A, typical of fluid
phase chain scattering. The rate of decay of the scattered intensity
along ¢, defined in Fig. 3, is related to the orientational order in
the chains. Fig. 14 shows rather similar WAXS scattering for fluid
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Fig. 13. Total electron density (black) for half a DHPC fluid phase bilayer at 48°C
obtained using the H2 model analysis. The contributions from the component groups
are labeled P (phosphate group), B (glycerol backbone, ether linkage and first CH,
on the hydrocarbon chains), CH, (remaining 14 methylenes on the chains), CHs
(chain terminal methyls) and WCh (water plus choline group). D¢ indicates the Gibbs
dividing surface for the chain region and Dy is the steric thickness.

phase DHPC and DPPC. However, there is a small difference in the
I(¢) plots shown in Fig. 15. These data indicate that DHPC is more
orientationally disordered than DPPC, and its orientational order
parameter Sx.ray iS somewhat smaller as summarized in Table 1.
Smaller Sx_ray is correlated with larger area A (Mills et al., 2008), so
this WAXS result is consistent with the larger A given by the LAXS
result listed in Table 1.

3.3. Permeability results

The mean ULV diameters were 120 nm in DHPC and DPPC in the
fluid phase and these decreased to 115 nm when the temperature
was decreased to 20 °C. Water permeability (Pf) results are listed in
Table 1 for both the fluid phase and the gel phase. As expected, Py
is much smaller in the gel phases than in the fluid phases. The fluid
phase results for Pf reported in Table 1 are for DPPC at T=50°C (five
separate samples) and for DHPC T=48 °C (three separate samples);
the latter temperature was chosen because that is where volume
(Laggner et al., 1987) and other structural measurements were per-
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Fig. 14. (A) Fluid phase WAXS scattering for DPPC at 50°C (D=61.7 A) and (B) DHPC at 48°C (D=63.4A).
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Fig. 15. I vs. ¢ plot for WAXS scattering of samples shown in Fig. 13: DPPC (solid
squares) and DHPC (open triangles).

formed. The ratio P pppc/Prpupc = 1.2 is >1, but this ratio could reflect
the temperature difference. From a variety of Py measurements
as a function of temperature, we estimate that the mean value
Pt pppc/Pspupc = 1.1 at the same T=50°C. In an attempt to confirm
this ratio, care was taken to prepare the DHPC and DPPC vesicles
the same way and then at T=50°C, Pf=0.035cm/s was obtained
for DPPC and P;=0.033 cm/s was obtained for DHPC, again giving
Pt pppc/Pspupc = 1.1. Despite the consistency with the initial data, the
uncertainties in this ratio are at least as large as 0.2. As was noted by
Mathai et al. (2008), literature values for water permeability vary
considerably from one lab to another. Although ratios of Ps for dif-
ferent bilayers are generally more robust than the absolute values,
our Pgpppc/Prpupc for the fluid phase at T=50°C differs consider-
ably from a literature value of Prpppc/Prpypc ~ 15 at 70°C using a
glucose-induced osmotic shock change in vesicle size measured
with light scattering (Jansen and Blume, 1995); this latter study
also reported a ratio of 4.3 in the gel phase that is considerably
larger than our ratio that is also close to 1 from Table 1. Since the
ratio should not depend strongly upon temperature and since their
sample preparation of ULV was similar to ours, these differences
are unexplained.

4. Discussion
4.1. Test of theories of water permeability in the fluid phase

The simplest theory of water permeability regards the per-
meability barrier as the hydrocarbon region, which it treats
as a single slab, and the textbook formula for permeability is
Pf = Kpartition Ddiffusion/2Dc. Our structural results indicate that the
hydrocarbon thickness 2D¢ is slightly smaller in the fluid phase
for DHPC than for DPPC. Also, our Sx.y order parameter is
smaller for DHPC indicating that its hydrocarbon region of DHPC
is slightly more disordered, and this would be consistent with
larger, not smaller values of Kpartition @and Diffusion- Although the
uncertainties in our measured values for P would permit the text-
book formula to be consistent, our most probable measured ratio
P¢(DPPC)/P¢{(DHPC) =1.1 is slightly >1 rather than <1; this does not
favor the single slab model.

Our recently developed theory of water permeability (Nagle et
al., 2008) invokes a model with a central hydrocarbon slab flanked
by two headgroup slabs so Pr is given by the formula for resis-

tances in series, 1/Pg=2/Py +1/Pc, where Py is the permeability of
each headgroup slab and P is the permeability of the hydrocar-
bon slab. The strong correlation of the permeability data obtained
for ester-linked lipids with the area/lipid A suggested that the rate
limiting step for water permeability is due to the headgroup slabs
(Py <P¢). Neglecting the secondary influence of the hydrocarbon
slab, Pf is mostly due to Py which was predicted to be proportional
to (Kpartition Phead/dhead J(A — Ao)/A, where A is the measured surface
area per lipid, Ag is a blocked area that is basically the gel phase
area Age plus an additional steric area due to the size of the perme-
ating water molecule, Kp,rtion 1S again the partition coefficient in
the hydrocarbon region, dje,q is the thickness of the headgroup slab
and Dye,q is the diffusion coefficient of water in the unobstructed
portion of the headgroup region (Nagle et al., 2008). Our structural
results suggest that there is little difference in dye,q between DHPC
and DPPC in the fluid phase, and the similarities in the hydrocarbon
region suggest that Kpaition Should be nearly the same at the same
temperature. The structure of DHPC in Table 1 was determined at
48°C. To compare to previous structure of DPPC at 50°C we use
ap=(dA/dT)/A~0.003/°C to estimate A=65.5 A2 for DHPC at 50°C.
Therefore, this somewhat larger value of A for DHPC means that Ag
must be larger or Dy,e,q must be smaller for DHPC for the three slab
theory to be valid. An NMR result that water is slightly more ordered
in DHPC than in DPPC (Gawrisch et al., 1992) is consistent with a
smaller Dye,q. While quite plausible, our X-ray structural study can
offer no additional evidence to support this interpretation, so we
turn to considering structural evidence that Ay may be larger for
DHPC than for DPPC. For ester-linked PC lipids the data suggested
that Ag ~53 A2 (Nagle et al., 2008). If we ignore any difference in
Dreaq, our measured permeability ratio of 1.06 for DPPC vs. DHPC
would require Ag ~ 54.8 A2 for DHPC.

4.2. Structure of chain ordered phases

Earlier X-ray measurements on MLV samples revealed that fully
hydrated DHPC near room temperature forms a fully interdigitated
phase (Ruocco et al., 1985). A subsequent study reported quantita-
tive results for the lamellar D-spacing (D=47.0A), the headgroup
thickness (Dyy =30A), and the area (Aipterdigitated = 77 A%) (Kim et
al., 1987a), with which our corresponding results in Table 1 agree
quite well. Their continuous F(q) transform has its maximum in
the first lobe instead of the second lobe in Fig. 7, but the electron
density profiles from the Fourier reconstructions are quite similar.
Our modeling in real space fits the |[F(q)| reciprocal space data very
well in Fig. 7. The resulting electron density model confirms that
the minima in the Fourier reconstructions are the locations of the
electron sparse terminal methyl groups and not just Fourier wig-
gles. Because we used oriented samples, our WAXS results in Fig. 4
provide direct evidence for the absence of chain tilt.

While our oriented samples were hydrating, we also observed
the gel phase that was previously obtained with limited water
content. The pattern of our |F(q)| data agree quite well with Kim
et al. (1987a); we extended their data from 0.75A-! to nearly
1.0A-1, which added an extra lobe in Fig. 6A. Nevertheless, their
Dyn =46 A agrees well with ours in Table 1. Our higher resolution
more clearly shows constant electron density in the methylenic
region in the Fourier reconstruction of the electron density in
Fig. 6B. Our electron density modeling gives rather narrowly defined
spatial features suggesting that this gel phase is well ordered.

Our area for the DHPC gel phase was computed using
A=2Ac/cosB:. While our value of Ac from WAXS is obtained
straightforwardly (Eq. (3)), the value of 6; that we obtain from Fig. 4
requires some interpretation. We suggest that the drier gel phase
could be a phase that was notated as the LgL phase (Smith et al,,
1990). We modify this notation to Ly L, where the added prime is the
conventional notation for tilted chains. Smith et al. (1990) empha-
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sized that the conventional description of gel phases is incomplete
because it does not include the azimuthal direction of the chain tilt
and this distinction is notated by the final subscripted letter. The
best-known gel phase is the one for DPPC in which the direction of
tilt of each chain is toward a nearest neighboring chain; we notate
this as Lg/, where the placement of the [ as a subscript reminds one
not to mistake it for the interdigitated Lgl phase. There is also the
Lg/r phase where the direction of chain tilt is directly between near-
est neighboring chains; this phase has two WAXS peaks above the
equator in the first quadrant in q space instead of one peak off the
equator and one on the equator as in the Lg phase. The Lg phase
has the direction of chain tilt at any of the angles between those of
the Lg and Ly phases; it has three WAXS peaks off the equator.
Our analysis shown in Fig. 4 is consistent with the gel state of DHPC
being an Lg, phase that has an azimuthal direction of tilt angle
closer to the Lg/; state than to the Lg/ state and we estimate that the
chains have an overall 0; ~ 32°, close to that of DPPC (Tristram-Nagle
etal, 1993; Sun et al., 1996). However, we do not attach high accu-
racy to our estimate of 0; or A. Because 6; and A generally increase
with hydration in the gel phase (Tristram-Nagle et al., 2002), val-
ues for this partially hydrated phase would only be expected to
provide a basis for a lower bound to the value of A that is central
to discussion of the permeability theory. It may also be noted that
application of the gravimetric Luzzati method, which usually gives
values of A that are too large (Nagle and Tristram-Nagle, 2000), gave
A=48 A2 (Kim et al., 1987a).

The standard argument for discussing why a lipid membrane
would become interdigitated rather than have an ordinary gel phase
involves the competition between two free energy terms (Hatanaka
etal,, 1997). One term involves van der Waals interactions between
chains, which is more favorable for a phase with smaller Ac. Our
results for Ac in Table 1 show that this favors the interdigitated
phase compared to the gel phase of DHPC. The other term is the
hydrophobic free energy which is generally unfavorable for the
interdigitated phase because it has more exposed hydrocarbon than
a gel phase. However, as the headgroup area becomes larger, there
is less exposed hydrocarbon in an interdigitated structure (Fig. 1),
so the difference in this term brought about by a larger head-
group area helps make the LgI phase more favorable. To these two
terms we would also add a third term that penalizes larger tilt
angles (Tristram-Nagle et al., 1993; Sun et al., 1996) which would
be required by a larger headgroup area Ag . The structural result
that fully hydrated DHPC is in the interdigitated phase is therefore
consistent with a larger Ay than in DPPC.

It is noteworthy, however, that the argument in the preceding
paragraph does not explain our result that ULV of DHPC do not
form the interdigitated phase, at least when the solvent is buffered.
It is especially counterintuitive that multilamellar systems con-
vert from gel to interdigitated phases upon increased hydration
while the ultimately hydrated ULV form gel phase instead of inter-
digitated phase. Apparently, the weak interbilayer interactions in
multilamellar samples suffice to tip the already delicate balance
between gel and interdigitated phases.

4.3. Structure of fluid phase

The most robust quantity that can be obtained from our X-ray
method is Dy, the head to head distance between the maxima
in the electron density profile. Our value 38.2A in Table 1 com-
pares well with the value 38 A reported by Kim et al. (1987a),
but their value was obtained at T=65°C (which decreases Dyy)
and at low hydration (which increases Dyy). A subsequent paper
showed Dy =46 A at T=50°C (Fig. 4 in Kim et al., 1987b). They also
reported A=61A2 at T=65°C using the gravimetric method (Kim
et al., 1987a); this value is significantly smaller than recent values
of A for DPPC (Kucerka et al., 2006, 2008). While this difference

would directly help explain the smaller permeability of DHPC, we
will argue for the larger value we give in Table 1. The simplest argu-
ment is that the orientational order parameter Sx.ray Obtained from
Fig. 15 is slightly smaller for DHPC and this implies that the thick-
ness 2D¢ of the hydrocarbon region should be smaller. Because the
hydrocarbon volume V¢ in Table 1 should be nearly the same, the
relation A = V¢ /D¢ suggests that DHPC has an area greater than DPPC.
Support for A for DHPC being larger than for DPPC also comes from
simulations performed under similar conditions by Alex deVries.
Our standard method for obtaining A for fluid phases requires
information in addition to LAXS data. The outside information used
in this paper for DHPC was that we took the volume V of the hydro-
carbon region to be the same for DPPC and DHPC. Together with the
measured volume V| of the lipid, this determines the volume Vy of
the headgroup to be quite similar to DPPC in Table 1; this would
appear to be reasonable because the replacement of a C=0 group
with CH, would not likely change the volume significantly. Our
standard method also inputs the quantity Dy =Dyy/2 — D¢ from
the gel phase, but this was not necessary for DHPC. Our output value
of Dy; is close to the value we obtained for the gel phase of DHPC
but significantly larger than the even better determined value for
the interdigitated phase. However, the smaller value for the inter-
digitated phase is likely due to the sliding of the headgroups on
opposite sides towards the center of the bilayer so that the terminal
methyls overlap with the glycerol groups, thereby shortening Dyy
without changing the average hydrocarbon thickness 2Dc. Such an
option is unavailable in proper bilayers, so Dy for the interdigitated
phase is probably irrelevant for the fluid phase. It may be noted
that other studies have indicated little change in the headgroup
structure in ether-linked lipids. An MD simulation comparing ester
and ether-linked diphytanoyl PC found that the distance from the
bilayer center to each atom in the headgroup region was identical
within error for both ether and ester linkages; the only difference
was slightly more sharply ordered P-N and C-C vectors for the
ether-linked headgroup (Shinoda et al., 2004). Hauser (1981) used
NMR to show that the motionally averaged conformation of the
glycerophosphocholine group is similar in ether and ester-linked
phospholipids, indicating no significant effect on the average con-
formation and segmental motion of the polar group. This was based
on 'H spin-spin coupling constants and also 3'P NMR which indi-
cate free rotation about the C2-C3 glyercol bond both above and
below the main phase transition and the proton decoupled 3P NMR
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Fig. 16. Comparison of electron density profiles for fluid phase DHPC (solid line) and
DPPC (dashed line, from Kucerka et al., 2006).
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spectra of unsonicated aqueous dispersions of DPPC and DHPC were
virtually identical. It is unclear, however, whether these studies
would be sensitive to the small differences in Dy that we obtain.

Comparison of the continuous transform obtained from this con-
strained modeling agrees quite well with our LAXS data as seen in
Fig. 12. Although there is little difference in the physical parame-
ters for DHPC and DPPC in Table 1, Fig. 16 shows a clear difference
in the electron density profile in the region from 12 to 18 A caused
by replacement of a carbonyl group with 14 electrons in DPPC by a
methylene group with only 8 electrons in DHPC.

5. Conclusions

Our results in Table 1 show rather modest differences in the fluid
phase structures of DHPC vs. DPPC bilayers. The greatest differences
between bilayers of ether and ester-linked lipids appear to be the
membrane dipole potential (Gawrisch et al., 1992) which is only
half as large in the fluid phase of DHPC as in DPPC, and the differ-
ent electron density in Fig. 16. Both these differences are consistent
with the chemical replacement of the strongly dipolar C=0 group
with a CH, group that has less electron density. On the other hand,
there is a large difference in the ordered chain phases, namely, the
well-established appearance (Kim et al., 1987a) of the interdigitated
phase in multilamellar samples of fully hydrated DHPC. An inter-
digitated phase would be consistent with a larger “null” area Ag for
DHPC that plays a role in a recent theory for water permeability
that invokes physical blockage in the headgroup region. However,
it is at least as likely that the chemical effect of the ether linkage
on the local diffusion constant Dye,q Would play the major role in
that theory. More stringent testing of the permeability theory for
ether-linked lipids would require a parallel study to the one we have
performed for ester-linked phosphatidylcholine bilayers (Mathai et
al., 2008) where five lipids with differing chain lengths and degrees
of saturation provided significantly different areas A per lipid.
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