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ABSTRACT High-resolution x-ray data are reported for the ordered phases of long-chain di-monounsaturated C22:1 phospho-
choline lipid bilayers. Similar to PC lipids that have saturated chains, diC22:1PC has a subgel phase and a gel phase, but
dissimilarly, we find no ripple phase. Our quantitative focus is on the structure of the gel phase. We have recorded 17 lamellar
orders, indicating a very well-ordered structure. Fitting to a model provides the phases of the orders. The Fourier construction of
the electron density profile has two well-defined headgroup peaks and a very sharp and deep methyl trough. The wide-angle
scattering exhibits two Bragg rods that provide the area per molecule. They have an intensity pattern quite different than that
of lipids with saturated chains. Models of chain packing indicate that ground state chain configurations are tilted primarily toward
next nearest neighbors with an angle that is also consistent with the modeling of the electron density profile. Wide-angle
modeling also indicates broken mirror symmetry between the monolayers. Our wide-angle results and our electron density
profile together leads to the hypothesis that the sn-1 and sn-2 chains have equivalent penetration depths in contrast to the
gel phase structure of lipids with saturated hydrocarbon chains.

SIGNIFICANCE Biophysical understanding of membranes is greatly enhanced by simulations that provide a level of
molecular detail unobtainable experimentally. However, simulations depend upon the force fields chosen. Training force
fields on well-determined experimental data is de rigueur. Although much experimental data exists for the fully fluid phase
bilayers of greatest biological relevance, relatively more and better structural data exist for the lower temperature ordered
phases of bilayers composed of lipids with saturated chains. This paper provides equal-quality structural data for a lipid
with unsaturated double bonds that can be used to evaluate force fields for this biologically important variation of the
hydrocarbon chains.

INTRODUCTION extensive structural data is available for some low tempera-
ture phases, and this provides even more stringent tests of
force fields (13-18).

In contrast to saturated lipids, the study of lipid bilayers
with unsaturated chains has only focused on the fluid phase.
The most-studied lipid with a double bond in each of its
18-carbon chains is DOPC (19-21). However, its fluid phase
extends down to —17°C, below which it is difficult to work
with fully hydrated samples. Taking advantage of the
main transition temperature increasing with longer chain
lengths, we have turned to studying ordered phases of bila-
yers of diC22:1PC. This phosphocholine lipid has two
22-carbon chains with a double bond between the 13™ and

Bilayers of lipids with saturated hydrocarbon chains, such as
the very well-studied DPPC and DMPC lipids, have several
liquid crystalline thermodynamic phases. In a sequence of
increasing order as the temperature is lowered, they are
the fluid phase, the ripple phase, the gel phase, and the sub-
gel phase. The comparison of their structures has been illu-
minating (1-3). Importantly, the experimental results have
been used to train and validate the force fields used in sim-
ulations. Although most comparisons have been made for
the biologically more relevant fluid phase (4-12), more
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likely have homologous structures, and it constitutes a valid
testing ground for force fields.

The first notable difference compared with saturated PCs is
that the diC22:1PC bilayer does not have a ripple phase. We
found a very well-characterized gel phase as well as a subgel
phase with interesting thermodynamic behavior, as shown in
Section I of supporting material. However, the structure of
subgel phases is famously difficult to obtain unambiguously,
even for DPPC (22-24), so we have not attempted that for
diC22:1PC. This work focuses on obtaining a gel phase struc-
ture for diC22:1PC of comparable quality to those obtained
for saturated lipids (25,26). Our main structural data are
from two varieties of x-ray diffraction. Wide-angle scattering
(WAXS) obtains information about the in-plane structure, and
low-angle scattering (LAXS, often called SAXS in the mem-
brane literature, although the angles are not very small) ob-
tains the electron density profiles along the direction
perpendicular to the bilayer. Together they obtain a quite
detailed structure of the gel phase of diC22:1PC.

MATERIALS AND METHODS
Sample preparation

Lipid diC22:1PC (1,2-C22:1-sn-glycero-phosphocholine) was purchased
from Avanti Polar Lipids (Alabaster, AL) in the lyophilized form and used
as received. Oriented samples consisting of stacks of approximately 1600 bi-
layers were prepared using the “rock and roll” method (27,28). 4 mg of lipidin
high-performance liquid chromatography-grade organic solvent (Aldrich,
Milwaukee, WI) trifluoroethanol:chloroform (2:1, v/v) was deposited onto
aflat Si wafer (15 mm by 30 mm) that had been heated to 40°C and maintained
in a warm atmosphere inside a glove-box. After rapid evaporation and while
rocking the substrate, an immobile film formed, which was then further dried
for several hours in a vacuum chamber to evaporate residual organic solvent.
Samples were trimmed to occupy 5 mm by 30 mm within the middle of the Si
substrate. The thickness of the sample (used for the x-ray absorption correc-
tion (25)) was estimated from the lipid mass, covered substrate area, and the
amount of water required to obtain the measured lamellar repeat D-spacing.

X-ray data acquisition protocol

The flat oriented sample was mounted in our x-ray sample chamber, which
provides greater than 99% tunable relative humidity (29). Two x-ray sour-
ces were used. An in-house rotating anode (Rigaku RUH3R) provided
CuK,, x-rays with wavelength 1.5418 A focused by a Fox2D collimator
(Xenocs, Sassenge, France). Data were recorded on a Mercury CCD (Ri-
gaku, Woodlands, TX). Our highest-quality wide-angle data were obtained
on beamline ID7A1 at the Cornell High Energy Synchrotron Source
(CHESS) with wavelength 0.8434 A selected by a W/B,C multilayer mono-
chromator with a wavelength spread of 1% and recorded on an Eiger 4M (2
K x 2 K) detector (Dectris AG, Baden-Daettwil, Switzerland).

The flat oriented sample was rotated about an axis perpendicular to the
beam, parallel to the Si wafer, and located within the sample (29). A nega-
tive lower limit of the rotation blocked the sample from the x-ray beam. The
upper limit was chosen to obtain specular scattering from all orders whose
Bragg angles were small enough to pass through the exit window of the
sample chamber. The beam height perpendicular to the substrate for zero
rotation angle was chosen to guarantee that the 5 mm part of the sample
in the direction of the beam remained in the beam for all rotation angles,
thereby assuring that the appropriate Lorentz factor was essentially propor-
tional to q. The beam width in the plane of the stack of bilayers was 1.0 mm
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for the in-house setup. As the wide-angle scattering is less intense, data
were also taken at the CHESS synchrotron but with a narrower and better
focused beam (0.2 mm) to reduce geometric broadening. Previous studies
of DPPC from this lab (30) have reported average in-plane DPPC gel
domains as large as 2900 A and roughly 600 A perpendicular to the
substrate in the fluid phase (31), equivalent to a domain volume of about
1 um?®. As the sample volume in the beam is 107 pum?, one expects the
effectively continuous mosaic distribution that was observed (32).

WAXS data and chain modeling

For the gel phase, there are two Bragg rods, BR1 and BR2, that have vary-
ing intensities as a function of q, along fixed in-plane values. The intensity
for each value of ¢, was obtained by integrating the intensity above back-
ground along the g, direction. Scattering from subgel phases has weaker
Bragg rods at smaller values of q, that would be consistent with headgroup
ordering. The absence of such scattering in the gel phase implies that there
is no headgroup ordering. Also, there is no indication of in-plane correla-
tions between adjacent bilayers. Therefore, we analyzed the WAXS scat-
tering with models of hydrocarbon chain packing in a single bilayer.
Consistent with the appearance of only two instead of three Bragg rods
and following the convention used for the DPPC gel phase, a nonprimitive
unit cell was assumed to be orthorhombic (distorted hexagonal) (22) with
perpendicular dimensions « in the x direction and b in the y direction.

Packing considerations strongly suggest that the hydrocarbon chain unit
cell contains two identical chains in each monolayer, consistent with the
(1,0) and (0,1) Bragg rods being extinct. Fig. 1 a shows two in-plane unit
cells where one chain intersects in the middle of the rectangular unit cell
and the other intersects at a corner. We chose a > b, so the nonextinct Bragg
rods with the smallest g, are indexed as (+2, 0) and (% 1, = 1). Because the
sample is an in-plane powder with many domains with a uniform distribu-
tion of angles relative to the beam, there is simultaneous scattering from all
six Bragg rods. For an orthorhombic unit cell, the four (+ 1, = 1) rods scat-
ter with the same ¢,;; value, and the experimentally observable intensity is
their sum that we simply call (1, 1). The two (£2, 0) rods scatter with the
same ¢,2o value, and we call that sum (2, 0). The unit cell dimensions are
obtained from g,50 = 4m/a and q,;; = 2m/(a *+b~>)"*. There are two
choices for the unit cell corresponding to how (1, 1) and (2, 0) are assigned
to BR1 and BR2. The first choice, which we call UC1, identifies (1, 1) with
BR1, and the other choice, which we call UC2, identifies (1, 1) with BR2.
Fig. 1 a shows these two choices of the in-plane real-space unit cell that
have two reciprocal space Bragg rods at the same two g, locations.

For the contents of the unit cell, we assumed that each chain was in its
conformational ground state that consists of trans methylenes for carbons
C2-C12 and C15-C21, a cis double bond for C13—-C14, and ending with
the terminal methyl for C22 as shown in Fig. 1 b and c. Packing dictates
that the chains in each monolayer be parallel with the same offset of the
cis double bonds in the z-direction. Fig. 1 ¢ shows the double bonds in
the upper monolayer located near 10.5 A. Chains in the opposite monolayer
have z-positions of opposite signs, and the distance, Az, between opposing
methyls near the bilayer center was set so that the ratio of the methyl to the
methylene volume is =2, conforming with the LAXS models. The caption
to Fig. | identifies this as the Az offset. Chains in the opposite monolayers
may have different in-plane offsets with respect to the unit cell; the relative
differences in these offsets are named Ax and Ay. Although it would be
possible for the monolayers to be uncoupled, in which case Ax and Ay
would be uniformly distributed in an ensemble, let us here provide the
description of coupled monolayers, which turns out to be the viable class
of models. The chain carbons lie in a plane, which means that there is an
angle ¢ between the x axis of the unit cell and where that plane intersects
the unit cell. In Fig. 1, ¢ is nearly 90°, so the zig-zag chain plane is more
apparent in Fig. 1 ¢ than in Fig. 1 b. The carbon plane can also be tilted in
two ways. The angle 0 rotates it about a horizontal axis in the carbon plane,
which is apparent by the tilted chains in Fig. 1 b. Subsequently, the angle
s rotates the chains about an axis perpendicular to the carbon plane, which
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shows up mainly in Fig. 1 c¢. These three Euler angles may be different for
the upper (U) and lower (L) monolayers. The main distinction is that
@ = @y gives mirror symmetry when Ax = Ay =0 and 6 = = 0, in
contrast to @ = @y + 7 for which there is inversion symmetry. For
both symmetries, one can also choose equal or opposite values of 6 and
of . The initial symmetry in Fig. | is a mirror symmetry, as can be best
seen in Fig. 1 ¢ and by undoing the 0 rotation in Fig. | b.

Given choices of the above structural parameters, chain carbon positions
were input into a Python program that calculated the sum of the atoms’ scat-
tering amplitudes, assigning nine, eight, and seven electrons, respectively,
to methyl, methylene, and methine carbons. Atomic form factors and
explicit locations of hydrogens were not used as they make little difference
within the experimental WAXS range. The amplitude squared was then
calculated for all relevant (+m, *n) Bragg rods, which were then appro-
priately summed to compare to the BR1 and BR2 experimental scattering
intensities. The program was verified to reproduce the well-known
WAXS pattern for DMPC (27,33). To find the best WAXS model, a grid
search over the above model parameters was performed to determine which
structure best agreed with the Bragg rod intensities as a function of ¢..

D. Repeat spacings and peak intensities

The lamellar spacing from each exposure was determined by the value of D
that best fits the peak positions in pixels, p, for all orders A:

Pn = po+ (S/pix) tan <2 sin”! <h)t/2D)), 1

where § is the distance from sample to detector (123 mm for in-house
data and 422 mm for CHESS data), and pix is the pixel size (68 pm for
in-house data and 75 pm for CHESS data). The reciprocal space locations
gy, of the A" order were then 27th/D. One advantage of our experimental
setup for oriented samples is that the D-spacing can be varied by varying
the relative humidity, providing a range of g-values for the Fourier form
factor F(q) (25).

Background scattering was measured by setting the substrate at a nega-
tive angle to block scattering from the sample and calculated to mimic
background scattering. Additional residual background was subtracted
from each peak separately. The integrated peak intensity was then summed
within a rectangular pixel area; the width of the rectangle was increased
with increasing order to ensure inclusion of the same number of mosaic
domains for each order. Intensities overlapped between adjacent peaks,
thereby exaggerating the peak intensity of weak orders adjacent to and
riding on the tails of strong orders. As shown in Fig. S4, this was corrected
by positioning the box boundaries in the g.-direction to equate the inten-

sities of the overlapping tails calculated from the peak heights and Lorent-
zian widths after having determined that the peaks were adequately
represented by Lorentzians (32). Relative uncertainties from the back-
ground subtraction for the stronger peak were typically less than 1%. How-
ever, different exposures were consistent with larger uncertainties. Standard
errors gy, for strong orders were obtained from exposures of nearly the same
D-spacing. In contrast, the 7 = 10 order was unobservable. Zero intensity is,
of course, a real and important result, but the assigned uncertainty should
clearly not be zero or infinity; it was instead taken to be equal to the uncer-
tainties assigned to the well-quantified 7 = 9 and & = 11 orders. Similar
uncertainties were assigned to other weak orders. Finally, an absorption
correction was made to correct for less absorption of the beam in the sample
itself as the order increased (25).

Determination of the electron density profile p(z)

The electron density profile p(z) along the bilayer normal z for symmetric
bilayers is given by

p(z) = p,+ (I/D) F(O)—i-ZZ F(q,) cos(zqy) |- (2)

Py 1s the electron density of water. F(gy,) is the form factor for g, = 27h/D,
where £ is the index of the order, and D is the lamellar repeat spacing of the
sample. The absolute value of the & > 0 form factor for oriented samples is

Flan] = (@ 1)" [k, 3)

where [}, is the intensity of order 4, g, is the Lorentz factor in the small angle
approximation, and K, is the usual scale factor that takes account of exper-
imental conditions such as total x-ray exposure and amount of sample. The
value of the form factor at ¢ = 0 is given by (34)

F(0) = 2(n. — p,V1) /A @)

where n; = 498 is the number of electrons in diC22:1PC, p,, = 0.3345 e/A?
is the electron density of water at T = 10°C, V, is the molecular volume,
and A is the area per lipid.

Although symmetry constrains each F(g;) to be either +1 or —1, there
remains a formidable 2'7 phase problem for employing Eq. (2) that was
solved using electron density models. We first employed the SDP software
(21) that requires Gaussian functional forms for many of the components.
We obtained a better fit using a more flexible composition-space model
that describes all molecular components by pairs of error functions, in
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which the spatial extension along the bilayer normal, z, and the interfacial
roughness, &, on either side can be separately parameterized (35). Further,
the Monte Carlo Markov Chain (MCMC)-based global optimizer Dream,
implemented in the analysis package bumps, provided an efficient search
of the entire parameter space and yielded robust confidence intervals on
fit parameters (36).

The inputs to the fitting software are the intensities /, (absorption and
Lorentz corrected) and their uncertainties. The program calculates the
initial model form factors Fy/(q.,, P), where P denotes the values of the
initial model parameters. The MCMC global optimizer identifies the model
parameter values P and experimental scale factors K, that minimize

X = ZZ(T;}LZ(‘KL)F"@"’JV - |FM(CIeh7P>|2)2 )

e h

where o, is the experimental uncertainty for each order 4 and exposure e.
The model thereby estimates the phase factors (+ 1 for symmetric bilayers)
for all values of ¢ and the scale factors K, for each experimental data set.

RESULTS
Phase behavior

An oriented sample was incubated in a refrigerator near 5°C
for over a year. The x-ray pattern shown in Fig. S1 had the
earmarks of a subgel phase. Interestingly, it did not melt into
a typical fluid phase until the temperature was increased
above 15°C. This subgel phase did not reappear upon cool-
ing. This intriguing phase behavior involving subgel phases
is similar to that of DPPC. Details are elaborated in section I
of the supporting material.

FIGURE 2 Gel phase scattering measured at CHESS at 7= 10°C. Grey-
scale intensity from zero (black) to a maximum cutoff (white). The highest
visible lamellar order along the meridian (¢, = 0, varying g.) is h = 17. The
D-spacing was 69.3 A. The WAXS Bragg rod loci are indicated with thin
vertical red lines. Bragg rod 1 has little intensity at small g, and occurs
at g, = 1.32 AL Bragg rod 2 occurs at g, = 1.42 A~". On-line colored
pixels indicate the highest peak intensities for orders 7 = 1-4. To see this
figure in color, go online.
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When the temperature was lowered from the fluid phase
to below T = 13°C, we always obtained the x-ray scattering
pattern shown in Fig. 2. The WAXS scattering exhibits two
Bragg rods, typical of gel phases, but no intermediate Bragg
rods like those in Fig. S1, which are characteristic of subgel
phases. The intensities of the lamellar LAXS orders are
different for gel and subgel phases (see also Fig. S2). Still,
both have much stronger higher orders than the fluid phase;
that is well understood as due to the smaller bending
modulus of the F phase dispersing the intensity of the
lamellar orders into diffuse scattering (37).

In-plane gel phase structure

The WAXS data consist of two Bragg rods that intersect the
equator (¢,=0) at gpr;=1.32 A~ and qpr2=1.42 AL
These can be indexed in a 2D in-plane body-centered ortho-
rhombic unit cell with Miller indices (2,0) and (1,1) in two
ways. The unit cell dimensions a and b in the respective x
and y directions follow directly. Their values are shown in
Table 1 for the two unit cells, UC1 and UC2. The product
of a and b gives the area A for an integral number of chains.
These areas are consistent with the lateral packing of two
hydrocarbon chains in each monolayer, so A is the area
per lipid.

Fig. 3 shows the intensities I(g,) of the two Bragg rods
BR1 and BR2 identified in Fig. 2. The intensities integrated
over g, are roughly equal for BR1 and BR2, although inten-
sities for small ¢, are likely undercounted due to the
substrate cutting off scattering as it is rotated. We have per-
formed a grid search over the chain model parameters to find
the chain packing model that best predicts the experimental
intensities in Fig. 3. The most significant experimental
feature to discriminate between models is the presence of

TABLE 1 WAXS results for the alternate orthorhombic unit
cells, UC1 and UC2, from the (2,0) and (1,1) Bragg rods are
shown in the upper rows. The lower rows show results of
model fitting from WAXS intensity data. Uncertainties are
shown in column 3. Column 4 shows values for DPPC
obtained from WAXS data at T = 20°C (30). Units are
appropriate powers of A.

1 2 3 4
WAXS ucl uc2 DPPC
@0 1.42 1.32 (0.01) 1.48
an 132 1.42 (0.01) 1.33
a 8.86 9.50 (0.1) 8.5
b 5.63 5.01 (0.05) 5.6
A 49.9 47.6 (0.9) 479
® N/A 425 (2) 31.6
Dc N/A 20.5 (1.0) 17.3
Ve N/A 976 (67) 829
Vi N/A 331 fixed 331
Vi N/A 1307 (67) 1148
Dg N/A 54.9 (1.8) 48.4
D N/A 69.2 LAXS 63.4
nyw N/A 11.8 (1.6) 12.6
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FIGURE 3 Solid symbols show experimental intensities along g, for the
two Bragg rods, BR1 (downward-pointing triangles) and BR2 (upward-
pointing triangles). Corresponding curves with no symbols show the best
fits for the bilayer model using UC2. To see this figure in color, go online.

the two peaks in BR1 at large ¢g,. Importantly, no bilayer
model with the UCI unit cell reproduced this feature. This
feature was also not reproduced when assuming two uncor-
related monolayers, in which case the total scattering would
be like that from a single monolayer.

After an extensive five-parameter grid search, we have
zoomed in on a UC2 model that has Bragg rod intensities
that compare favorably with the experimental data in
Fig. 3. The real-space bilayer model is shown in Fig. 1.
The two monolayers basically have mirror symmetry that
is then broken by the tilt angles and by the lateral offsets,
especially Ax in the a-direction. It is noteworthy that both
the data and the calculated model indicate two smaller
peaks at smaller ¢, in the BR1 Bragg rod. Such features
appear in Bragg rods of gel phases of saturated chain
lipids, where they have been called satellites, as they are
analogous to the secondary and tertiary maxima of sin-
gle-slit diffraction patterns. The unusual feature here
compared with saturated lipids (25) is that the BR1 peak
is split into two peaks, which the model reproduces.
Despite considerable searching, the model intensity for
BR2 does not compare as favorably to the experiment as
for BR1. Nevertheless, the calculated intensity for BR2 is
relatively featureless compared with BR1, as is the exper-
imental intensity in Fig. 3.

This modeling of the hydrocarbon chain packing gives an
overall tilt ® of the chains that is significantly larger than the
chain tilt in DPPC. This then gives a hydrocarbon thickness
D¢ and ahydrocarbon volume V- = ADc with values shown
in column 3 in Table 1. Table 1 continues by assuming that the
headgroup volume Vy is the same as for DPPC to obtain an
estimated total lipid volume V;. The average (Luzzati)
bilayer thickness Dg is then 2V;/A. The number of water

Gel Phase of diC22:1PC Bilayers

molecules per lipid is ny = A(D — Dg)/2Vy, where D is
the measured average repeat spacing and Vy, = 29.9 A” at
T = 10°C is the volume of a bulk water molecule.

Transverse gel phase structure

Fig. 4 shows the experimental form factors |F(g;)| from
seven exposures at different lamellar D-spacings. Impor-
tantly, unlike fluid phases, some higher-order form factors
remain strong, even stronger than for the DPPC gel phase.
This implies that the C22:1PC gel structure is highly or-
dered. Fig. 4 also shows the continuous form factor obtained
by simultaneously fitting an electron density model to the
measured intensities. By varying the hydration level, data
sets were taken when the sample had different lamellar
repeat D-spacings and therefore different q, = 2wh/D.
Therefore, one sees significant slopes in F(g) in several g-re-
gions; these slopes are reproduced quite well by the model.

The model not only gives the absolute |F(g)| in Fig. 4, but
it also gives the signs of F(q) and thereby provides a likely
solution to the phase problem. The model F(g) changes sign
each time |F(g)| bounces off zero. Notably, there is no sign
change near g = 0.7 Al Starting from the positive value of
F(0) required by Eq. 4, Fig. 4 shows the signs for each
experimental |F(gp)|. Then, the +/— phase factors from
Fig. 4 allow the Fourier construction of the electron density
profile using Eq. (2) for each data set. Fig. 5 shows the
average of the seven Fourier electron density profiles. There
is a deep methyl trough at z = 0. That is followed by a nearly
constant hydrocarbon plateau. Of course, the Fourier trans-
form has superimposed wiggles due to finite truncation of
orders, but it does suggest a somewhat larger electron
density for the C2—-C12 methylenes than for the C15-C21

2.5 Exp D(A) N

FIGURE 4 Experimental absolute values of scaled form factors F(q) for
seven exposures with D-spacings as shown in the legend. The electron den-
sity model fit, shown as a continuous curve, is for the parameters in column
2 of Table 2. To see this figure in color, go online.
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FIGURE 5 Electron densities p(z). The black Fourier curve is the average
of seven data sets with standard (correlated) deviations. The dashed red
curve is from a model that has comparable deviations (not shown). To
see this figure in color, go online.

methylenes, which is consistent with the wide-angle model
in Fig. 1.

The Fourier construction does not by itself give absolute
values of p(z) using Eq. (2) for two reasons. The most
important is the unknown scaling factor K. in Eq. (3).
This is determined by fitting a model using Eq. (5). The
model that was chosen for Figs. 4 and 5 is shown in
Fig. 6. It has three headgroup components, a phosphate,
a choline, and a combined carbonyl glycerol. The value
of Vi used in the model is shown in column 2 of Table 2.
The agreement in the headgroup region is very good and
that, along with the methyl trough, has the strongest influ-

06 -I 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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FIGURE 6 Contributions of the lipid components to the model electron
density profile. CG abbreviates the carbonyls and glycerol. The terminal
methyls are partitioned into a methylene and one excess electron designated
as eCHj. To see this figure in color, go online.
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TABLE 2 LAXS results with units in the appropriate powers of
A. column 3 gives values for gel phase DPPC at T = 20°C for
comparison (26). The parameters are defined in the text. The
value of Dis the average of those shown in Fig. 4 and A is from
Table 1.

1 2 3
LAXS diC22:1PC DPPC
D 69.2 avg 63.2
A (WAXS) 47.6 (0.9) 473
Dun/2 26.9 (0.2) 22.6
Dc 21.1 (0.2) 17.2
Du 5.6 (0.4) 5.1
Vi 1003 (30) 814
Vi 331 fixed 331
'3 1334 (30) 1144
Dg 56.1 (0.1) 484
Ny 10.4 (0.1) 11.7
Ve 22.8 (0.6) 25.9

ence on the F(q) in Fig. 4. The highest peak in the electron
density profile is due to the phosphate group, and the sec-
ond highest peak is associated with the carbonyl glycerol.
The two headgroup peaks overlap less than in typical gel
phases (25,38) and much less than in fluid phases
(20,29), which again indicates that this gel phase is highly
ordered. The sharp CG/methylene boundary is consistent
with the WAXS model in Fig. 1. The model assumes that
the methylene/methine region has constant electron den-
sity. Consistent with the WAXS model, the difference be-
tween the methine and methylene electron densities is
negligible, so no separate methine component was added.
Also consistent with the WAXS model, the terminal methyl
was partitioned into a methylene that was then added to the
other methylenes. The leftover electron was treated as a
separate component, like what was recently done for gel
phase DPPC (26). The largest discrepancy between the
model and the Fourier construction is that the model im-
poses a constant electron density in the methylene region.
In contrast, the WAXS model and the LAXS Fourier con-
struction have a larger ED in the methylene region closer to
the headgroups.

Table 2 shows the average measured lamellar repeat
spacing D, which is the best-determined quantity from
LAXS data. The area per lipid A was obtained from the
WAXS data. Other values for diC22:1PC in Table 2 are
derived from the electron density model fit shown in
Fig. 6. The spacing Dy between the maxima in the electron
density profile is quite robust when different models are
chosen. The half-thickness D¢ of the hydrocarbon region
has uncertainties estimated by using different models of or-
der 0.2 A. The quantity Dy is calculated as the difference
Duupn — De. The volume of the hydrocarbon region
Vuc = ADc. The headgroup volume Vg was assumed to
be the same as for DPPC. Summing Vyc and Vy; gives the
total lipid volume, V;. The Luzzati thickness, Dy and the
number of water molecules per lipid, ny, are derived as
previously stated for Table 1.



DISCUSSION

The question that initially motivated this research was
which features of lipid molecules give rise to ripple phases
in bilayers. One hypothesis is that the headgroup size suf-
fices to predict a ripple phase. This has been motivated by
comparing lipids with the same saturated chains and
different headgroups; phosphocholines (PCs) have a ripple
phase, whereas the phospho-ethanolamines (PEs) that
have a smaller headgroup, do not. Although a larger head-
group may be necessary for a ripple phase, our result that
there is no ripple phase in diC22:1PC lipid bilayers shows
that a large headgroup is not sufficient. A related property
is that the larger PC headgroup forces saturated chains to
tilt relative to the bilayer normal in the gel phase in contrast
to the PEs (39). However, our result that diC22:1PC lipid
tilts in the gel phase shows that tilt in the gel phase is also
not a sufficient condition for a lipid bilayer to have a ripple
phase.

Although we focus on the gel phase, which has a main
chain melting transition at Tj, = 13°C into the fluid phase,
we briefly report a new subgel phase in supporting material
that appears to be the stable phase up to 7= 15°C. However,
it takes a long time to form, and our sample had some contam-
inating gel phase, so we have not pursued the structure of the
subgel phase. Further, determining a subgel structure is a
daunting task; even the structure of the much more studied
subgel phase of saturated DPPC is incompletely determined
(23). Although the gel phase of diC22:1PC is ultimately
metastable, it is readily formed and does not decay into the
subgel phase even for week-long experimental times. It is
noteworthy that the metastability of the gel phase, character-
ized in Fig. S3, is similar to what occurs in DMPE (40).

Compared even to the best previously acquired data for
any gel phase, the x-ray diffraction data for the diC22:1PC
lipid gel phase are so striking that we could not resist per-
forming a structural analysis. In particular, we know of no
fully hydrated lipid bilayer for which 17 orders of diffraction
have been reported, and the higher orders are quite strong.
Qualitatively, having so many strong orders means that the
diC22:1PC gel phase is highly ordered. If it were not for
the cutoff of high-angle diffraction in our sample chamber,
even more orders likely could have been measured.

The WAXS data provide the unit cell dimensions that
directly provide two possibilities for the important lateral
dimensions. Each gives the area per molecule A shown in
Table 1. Obtaining a more detailed structure involves
modeling. Not observing Bragg rods at distances compatible
with lateral headgroup spacing and the lack of obvious in-
plane correlation between neighboring bilayers strongly
suggest that the observed Bragg rod scattering is due to
chain packing. The presence of only two Bragg rods indi-
cates that the in-plane unit cell is body-centered ortho-
rhombic. Given the high degree of order suggested by the
many strong LAXS orders, we have assumed that the chains
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are in their conformational ground state. From that assump-
tion, efficient packing dictates that the z-positions of
equivalent carbons be the same distance from the bilayer
center. These include the double bonds of both chains in
the unit cell and, therefore, both the sn-1 and sn-2 chains.
This is quite different from the packing of straight all-
trans saturated chains in gel phase DPPC, for which mini-
interdigitation of the terminal methyl ends occurs (20),
thereby allowing the sn-1 chain to penetrate more deeply
than the sn-2 chain. This relative displacement of the two
chains likely costs little packing energy in DPPC and that
likely allows lower-energy headgroup conformations.
However, a similar displacement of neighboring ground
state C22:1 chains would necessarily incur such a large
energy penalty that higher headgroup conformational
energy could still be consistent with minimizing the total
free energy.

Even after the assumptions in the preceding paragraph,
there are still two ways for the two Bragg rods to be identi-
fied with the two in-plane dimensions, and for each of those,
there are eight ways to symmetrize the monolayers to form a
bilayer. None of those eight ways comes close to matching
the intensity along the Bragg rods in Fig. 3 for unit cell UC1
in Table 1. The UC2 combination we have found to compare
best to the WAXS data (Fig. 3) starts with mirror symmetry
that is then broken by 0 and {s rotations of the chains and
with offsets between the two monolayers, as shown
in Fig. 1.

The many LAXS orders provide the opportunity to obtain
accurate electron density profiles (EDP) in the transverse
out-of-plane direction normal to the bilayer. The strategy
we used for providing the electron density profile has previ-
ously been employed for the ripple phase of DMPC (41).
Plausible electron density real-space models were Fourier
transformed, and the real-space parameters were fit to obtain
the best agreement with the measured intensities of the or-
ders. The result shown in Fig. 4 determines the phase factors
that we then used in a Fourier construction that only uses the
experimental intensities as shown in Fig. 5, as well as the
scaling factor provided by the model. This procedure
reduces dependence on the functional form of the model.
However, the fitted model shown in Fig. 6 also estimates
where each lipid component resides in the bilayer.

The EDP provides an accurate and reliable value for an
important measure of the bilayer thickness, Dyy, which is
essentially the distance between the phosphates in the
opposing monolayers. Another distance is the thickness
2Dc of the hydrocarbon core. The Fourier construction of
the EDP in Fig. 5 suggests D¢ in the range of 21 =0.5 A,
and the model fit shown in Table 2 gives
Dc = 21.1+0.5 A. These values agree well with the
D¢ = 20.5 + 1.0 A value obtained from the entirely different
model fit to the WAXS data in column 3 of Table 1.

An important datum that has been used in previous struc-
ture determination from this lab is the lipid volume V. Our
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volume measurements are shown in Fig. S6 of the support-
ing material, but the poorly determined gel phase V; is too
large to be consistent with either kind of scattering data,
WAXS or LAXS. For example, using the roughly measured
volume V; = 1478 A® with our WAXS analysis results in a
headgroup volume, Vy, = 502 A3, that is larger than has ever
been considered. And it infers a value of F(0) via Eq. (4) that
disagrees with the value of F(0) shown in Fig. 4. However,
the volume data were obtained for unoriented multilamellar
vesicles (MLVs), whereas our high-quality x-ray data were
obtained from stacks of bilayers. We have obtained x-ray
data on MLVs that also has a different and more disordered
pattern of peak intensities. Therefore, we conclude that the
gel phase of C22:1PC has a different structure in MLVs than
in oriented stacks.

We suggest that the reason for this discrepancy is that the
intrinsic curvature in MLVs makes it difficult to obtain the
highly ordered structure seen in stacks. An MLV basically
consists of concentric spheres, and the innermost sphere
has considerable curvature. In contrast, the structure of bila-
yers in a stack is not affected by curvature. Although the first
bilayer in the stack is likely strongly affected by the substrate,
chain packing in the subsequent 1600 bilayers is likely not to
be affected. Since the significance of this study is to provide
tests for simulations and most simulations are on flat mem-
branes, we believe that gel phase C22:1PC structural data
from stacks is more relevant than data from MLVs.

Therefore, instead of using the measured V;, which we can
only obtain from MLVs (or ULVs that are also highly curved),
we propose that the relevant stack structure is represented by
the values in column 3 of Table 1 and column 2 of Table 2.
The area A is directly determined from WAXS. The separate
analyses of WAXS and LAXS data yield about the same hy-
drocarbon thickness D¢. The parsing of the total lipid volume
V, into Vycand Vi is different for WAXS and LAXS, but the
value of V; is about the same. We suggest that final estimates
of uncertainties in these quantities are given by the differences
in their values in Tables | and 2. The average methylene vol-
ume Vg, shown in Table 2 is also of interest for this discus-
sion because it is significantly smaller than for the DPPC gel
phase. This difference can be seen in the comparison of the
EDP of DPPC and diC22:1PC shown in Fig. S5. DPPC chains
are usually considered to be at least partially disordered with
respect to different angles of rotation ¢ about the chain plane
long axis for neighboring chains (42). Such disorder would be
expected to increase V¢, of DPPC relative to a more crystal-
line packing of neighboring chains. In contrast neighboring
chains diC22:1PC cannot have different ¢ without incurring
very large packing energy, so they would have a smaller
Vcre of more crystalline packing. Indeed, the value of Vg,
in column 2 of Table 2 is within the range of 22-24 A for high-
ly ordered phases given in Table 5 of Nagle et al. (43). Fig. S5
also emphasizes that C22:1PC gel phase bilayers are thicker
than DPPC and that the two headgroup peaks are more
differentiated.
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The two monolayers are correlated in our chain packing
structure shown in Fig. 1. We have also performed calculations
on other symmetries between the two monolayers and did not
find a superior one to compare to the data in Fig.3. We have
also calculated WAXS intensities for uncorrelated monolayers
with the result that the calculated peaks in BR1 became too
wide in ¢, and could not be split into two nearly equal peaks.

Our chain structure raises an interesting question about
what interaction causes the correlated orientations of mono-
layers in gel phases. DPPC has mini-interdigitation at the
midplane due to the different penetration of the sn-1 and
sn-2 chains. That might provide complementary rough sur-
faces to bring about correlated orientation. However, our
structure of diC22:1PC monolayers has rather smooth faces
made up of methyl groups at the same distance from the
midplane. Accordingly, the methyl trough in the electron
density profile is narrower for diC22:1PC, as can be seen
in Fig. S5. It appears that there must be some interaction
other than mini-interdigitation that brings about correlated
monolayers in diC22:1PC.

Future research could build a model that includes head-
groups and that evaluates its energetics using established
force fields. A challenge will be to find headgroup confor-
mations that connect stereo-chemically to a highly ordered
hydrocarbon chain structure. The headgroup conformations
will likely have higher energies on average than the confor-
mations in the fluid phase, but the lower energy of chain
packing will compensate for that. Such a study may illus-
trate the effect of competing interactions arising from
different parts of heterogeneous lipids in bringing about
structures of different phases. We suggest that it may be
difficult for an MD simulation starting from scratch to
find such a highly ordered state. A possibly more successful
alternative would be to start with our structural model and
then allow it to relax energetically. If this leads to a structure
whose form factors and wide-angle pattern agree with the
experimental data in Fig. 2, then that would be a better
and more complete structure, and it would provide further
validation of the force field.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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I. Phase behavior and the subgel phase

A sample incubated at 5 °C was rapidly transferred on a cold pack to the X-ray sample
chamber held at 5 °C. The left side of Fig. S1 shows lamellar orders up to h=14 that
indexed well to a lamellar repeat spacing D = 72.6 A in the z direction perpendicular to
the bilayers. More dramatic was the wide angle pattern that comes from order in the in-
plane r directions as shown on the right side of Fig. S1. While gel phases generally have
strong scattering from the hydrocarbon chains that occurs in the range g, ~ 1.3 to 1.6 A™!,
only subgel phases have the weaker Bragg rods seen at smaller ¢, in Fig. S1 (1), so we
call this the S phase of diC22:1PC.

The temperature was subsequently increased in steps to 8 °C, 10 °C and 12 °C without
a notable change in the x-ray pattern. However, at T=13 °C, a second set of peaks with
orders h=1-5, corresponding to D = 68.6 A, appeared in coexistence with the S peaks. We
identify these peaks as belonging to the fluid F phase because these are the peaks that
ultimately remained upon melting the sample. At T = 13 °C, the relative intensities of the
lamellar /4-orders of the F phase were considerably smaller than those of the S phase,
although the ratios varied depending upon which part of the sample was exposed to x-
rays as the sample was moved laterally in the beam. Also, the D spacing of the F peaks
varied systematically as the relative humidity was varied. We then expected the complete
transition to occur upon small additional increases in temperature above 13 °C. Instead,
the relative intensities of the two phases remained the same as temperature was gradually

increased. Only when the temperature was increased from T=15 °C to T=16 °C did the S



peaks all disappear, leaving only F peaks, which were all uniformly much more intense

than they had been at 13 °C.

Fig. S1. Scattering from diC22:1PC bilayers in the S phase with background
instrumentally subtracted. White pixels show high intensity. Red pixels indicate
negative values after background subtraction. The left side shows lamellar orders
h=2-14 in the ¢: direction, taken while the sample was rotated in the beam; these give
D =72 A. The right side was taken with the beam incident on the sample at the fixed
angle of 0.5° with the very intense h=1-4 lamellar orders covered by the beam stop.
In-plane scattering consists of Bragg rods at fixed ¢, and variable g.. The most intense
WAXS scattering occurs on the Bragg rod at ¢, = 1.42 A!. Several additional weaker
Bragg rods can also be discerned at g, = 0.41, 0.65, 0.83, 1.1, 1.2, 1.45 and 1.7 A%,
Data were collected using a rotating anode.

The temperature was then lowered below 7= 13 °C. The ensuing WAXS scattering
pattern in Fig. 2 in the main text is considerably different from that in Fig. S1, and the
intensities of the lamellar orders are also quite different as quantified in Fig. S2. Figure 2
shows two Bragg rods but no intermediate Bragg rods, so we call that the gel phase. As is
also shown in Fig. S2, both ordered phases have stronger higher orders than the F phase;
that is well understood as due to the smaller bending modulus of the F phase dispersing
the intensity of the lamellar orders into diffuse scattering (2). Even after 3 days at 7=
11 ° C, the S phase did not reappear. This is consistent with the nucleation and growth
model that has been shown to apply to the DPPC subgel phase (3,4). To nucleate S
domains within the experimenters' patience window, it is necessary to cool by an amount
ATs substantially below Ts. In the case of DPPC, ATs is about six degrees (3). In the case
of DiC22:1PC, we can only say that AT is between 3 °C and 8 °C because the subgel
phase did not form at 7= 10 °C, and 8 ° C because it did form at 5 °C, although only



after a long time. We conclude that a small portion of our original sample was in this
ordinary low-temperature gel (G) phase that we subsequently showed does melt at the
reported main transition at 7 = 13 °C and that most of the sample was originally in a
subgel S phase that melted only at a temperature 7's higher than 15 °C. This implies that
the S phase is the stable one below Ts and that the G phase is metastable at all

temperatures. Fig. S3 shows qualitative free energy curves for this behavior.
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Fig. S2. Comparison of relative intensities of three phases, subgel, gel and fluid, with D
spacings indicated in the legend. Some peak orders are marked by numbers /4, denoting
the order for the phases with higher order numbers color coded as indicated in the legend.
The fluid phase intensities in red rapidly become much weaker as order h increases. The
intensities of the gel and subgel are quite strong to much higher order, even before the
Lorentz correction facto proportional to h.



Free Energy
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Fig. S3. Qualitative free energies of the three phases in this paper. The initial subgel
phase melted into the fluid phase at 75 =16 °C. Upon cooling, the fluid phase transformed
into the gel phase at T)/= 13 °C. This thermal behavior is consistent with the sketch in
which the gel phase is metastable to the subgel phase below Twm. A similar interpretation
was proposed for the phase behavior of a different lipid (5).

II. Determination of intensities of weak peaks near strong peaks
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Fig. S4. The black curve is the tail of a Lorentzian with peak intensity 1.0 at pixel 353.
The red curve is a Lorentzian for a weaker (A=5) peak. The true intensity of the weak
peak is obtained by integrating the total intensity (blue) from the black line to higher
pixel number. Integrating from the midpoint (at pixel 373) between the two peaks would
more than double the #=5 intensity. Even integrating from the minimum of the blue curve
would be a considerable overestimate.



III. Comparison of electron density profiles of DPPC and C22:1PC gel phases.
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Fig. S5. Electron density versus distance along the normal to the bilayer. The red C22:1
curve is reproduced from the sum curve in Fig. 7, which uses the model in this paper, and
the black DPPC curve is reproduced from Fig. 4 in (6), which used the SDP model (7).
As expected for longer chains, the headgroups are further apart for C22:1PC, and the
hydrocarbon plateau is longer. Because the chains are more tightly packed, the plateau is
higher for C22:1PC. In addition, the smaller headgroup peak associated with the
carbonyl-glycerol moiety is more differentiated from the highest peak, which is
associated with the phosphate group. Finally, the width of the terminal methyl trough in
the center of the bilayer is narrower for C22:1PC, consistent with all the methyls in each
bilayer occurring the same distance from the center, whereas DPPC has mini-
interdigitation (6).

IV. Molecular Volume

The volume of a lipid molecule V7 was measured in fully hydrated multilamellar (MLV)
vesicles using an Anton-Paar USA DMAS5000M (Ashland, VA) vibrating tube
densimeter with a 1:20 lipid:water mass ratio. Figure S6 shows heating and cooling scans
that agree very well with each other above the phase transition. Furthermore, the
molecular volume agrees very well with the molecular volume of DOPC (1303 A3 at T=
30 °C) (8) by adding eight methylene volumes (27.7 A3/methylene). In contrast, there was
considerable hysteresis below the transition. We were concerned about the documented

artifact incurred by the apparatus for gel phase DPPC, so we reloaded the sample many



times. However, the lipid density is close to that of water, so there was little driving force
for the artifact observed in the DPPC gel phase (9). We also investigated time
dependence for gel phase formation. We tentatively used Vo= 1478 A% at T =10 °C.
However, that value leads to strong contradictions between the WAXS and LAXS results.
We then performed diffraction on oriented MLVs and found that the LAXS intensities
were inconsistent with those shown in Fig. 4 for oriented stacks. We have concluded that
MLVs and oriented stacks have different structures due to curvature incompatibility
discussed in the text. Since we have no method to measure Vi for oriented stacks, the

analysis in the text estimates it from the measured chain volume and an estimate of the

head group volume.
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Fig. S6. Heating and cooling scans of molecular volume.
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