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ABSTRACT X-ray diffraction intensities-

for lamellar repeats, h = 1 to 7, and
wide-angle x-ray scattering were mea-
sured for the gel phase of fully hydrated
dipalmitoylphosphatidylcholine. A hy-
brid model, which represents the elec-
tron density along the lamellar repeat
direction as a continuous function com-
posed of constant strips and superim-
posed Gaussians, is defined. The data
were used to determine the best
parameters in hybrid models and also
in the older strip models. The most
successful results were obtained when
the density of the methylene region was

constrained to the value obtained from
the wide-angle scattering. Further anal-
ysis utilized the lipid volume obtained
from absolute specific volume mea-
surements. Together with the funda-
mental relations derived in the previous
paper, the electron density modeling
yielded the headgroup volume
(340 + 10 A®) and the methylene vol-
ume (25.3 + 0.2 A%). The results were
in agreement whether the hybrid model
or the strip model was used and
whether our data or the data of Torbet
and Wikkins were used. Additional
structural results, such as the area

(45.9 + 2.0 A?%) and the number of
waters of hydration per lipid (10.6 +
2.0), required one additional piece of
information, which we took to be the titt
angle 8, which is 30 + 3° from other
experiments in the literature. Absolute
electron density profiles, which clearly
indicate two features in the headgroup
region, are presented. The analysis
yielded an accurate value of F(0),
which contributes to the continuous
scattering transform ~(X), which is also
given.

INTRODUCTION

Many studies have been performed to elucidate the
structure of lipid bilayers and much progress has been
made (1-18). There has been a tendency for the different
studies to focus upon different structural quantities and to
use different methods. Not surprisingly, inconsistencies
have become apparent when the results are compared.
Some of these inconsistencies have been discussed in a
previous paper (19), which systematically sets forth many
relations between different quantities. One purpose of this
paper is to develop a unified method of analysis that can
use a greater variety of data in a consistent way and that
can indicate where the inconsistencies are. Another pur-
pose is to establish reliable structural resuits for the
benchmark lipid dipalmitoylphosphatidylcholine
{DPPC).

Low-angle diffraction from the stacking of bilayers in
multilamellar vesicles provides several kinds of average
structural information about the bilayer. The most direct
result is the distance D from the center of one bilayer to
the next in the stack. This distance D increases with the
amount of water added until it becomes constant when
water is added in excess. Determining the amount of
water at the point of D becoming constant yields the
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number of waters per lipid, ny, for the fully hydrated
system (1-3, 5). The quantity ny is related to the area 4
of each lipid in the plane of the membrane by

A =2(Vy + nyVy)/D, 4y

where Vy, is the molecular volume of water and V| is the
volume of the lipid molecule in a fully hydrated system,
which is obtained from specific volume measurements
{20, 21). Though simpler in appearance, Eq. 1 is fully
equivalent to the formula introduced many years ago by
Luzzati (6). This relation has been employed frequently
to obtain A from ¥V, ny, and D (1-3). However, the
estimates of A are subject to fluctuations in the determi-
nation of ny, which are considerable. For the G phase of
DPPC, ny, has been given as 9 (7), 13.6 (3), 17.5 (2), and
19 (1), which lead to values of A4 between 44.4 and 53.6
A? using Eq. 1 and measurements of ¥; and D. Values of
A given in the literature range from 43.8 (8) to 52.3 (2)
A?, Since the minimal value of A4 that corresponds to very
close packing of crystalline chains is ~39 A?, the relative
uncertainties in the 4 determination are large.

In addition to determining D, low-angle diffraction
data also yield relative intensities, I(h), of the different
orders of diffraction from which, with careful consider-
ation of the phase problem (9), the first five to ten relative
structure factors, F(h), have been determined and trun-
cated Fourier series representations of relative electron
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density profiles have been plotted (9-11). These profiles
indicate that there are electron-sparse terminal methyl
regions in the center of the bilayer and they give accurate
estimates for the locations of the peaks in electron density
of the headgroups. However, the Fourier profiles have not
yielded any other direct structural information. Strip
models for electron density profiles have been employed
(12) to estimate the boundary between the headgroups
and the chain region, i.e., the thickness of the hydrocar-
bon chain region, which will be designated 2D for the full
bilayer. A strongly contrasting Gaussian model was intro-
duced by Mitsui (8), who modeled an asymmetric bilayer
system as two different Gaussian functions, each corre-
sponding to a headgroup. In this paper, a new electron
density model, the hybrid model, which combines aspects
of both the strip and Gaussian models, will be presented.
Also, there are additional relations between electron
density models and other structural information that have
only recently been developed (22). One of the purposes of
this paper is to illustrate the use of these relations for the
analysis of the gel phase of DPPC.

A different way to obtain structural information about
lipid bilayers is to analyze the wide-angle diffraction
between hydrocarbon chains. In chain-ordered phases,
such as the gel phase of DPPC, it has usually been
assumed (1,4, 13) that the hydrocarbon chains are
packed in an orthorhombic array, which is nearly hex-
agonal when projected onto a plane perpendicular to the
chains. One study (8) allowed for an oblique lattice, but
the oblique angle was close enough to orthorhombic that
the use of the orthorhombic formulae makes little differ-
ence. The plane perpendicular to the chains is generally
tilted by an angle 6 from the plane of the bilayer, so not all
the diffraction maxima fall on the equator for oriented
samples. The wide-angle diffraction from unoriented
samples of the gel phase of DPPC consists of a sharp peak,
which is indexed as the (2, 0) refiection from the nearly
hexagonal chain packing, and a broader shoulder, which
is often indexed as the (1, +1) reflections from the chain
packing. From this assignment the cross-sectional area A,
of the chains in the plane perpendicular to the chains can
be determined from the positions of the two reflections,
but this does not determine the area A of each lipid (each
with two chains) in the plane of the membrane, which is
related only by

A =24, cos 6. (2)

From A, the electron density of the methylene chains is
easily determined using

p(‘ZHz = ”elh /(l~27 Ac)s (3)

where n&,, is the number of electrons per CH, and the
projected separation of methylenes along an all-trans
chain is 1.27 A. Values of pg,, for the gel phase of DPPC

at room temperature that have been given or that can be
deduced from the literature are 0.323 (1), 0.317 (10),
0.315 (8), and 0.319 (4) e/A3 In oriented samples,
wide-angle chain-packing reflections should appear on
the Bragg rods perpendicular to the plane of the bilayer.
The particular interpretation of the pattern from un-
oriented samples corresponds to the (2,0) reflection
appearing on the equator and the (1, +1) reflections
appearing at an angle from the equator that is closely
related to 6. Levine (13) measured this angle for the
(1, 1) reflections in oriented samples and obtained a
value of § = 28°,

Finally, we should mention that there are a number of
eclectic, but often quite powerful, methods for obtaining
structural information about bilayers that should not be
ignored. One method relies on measurements in two
similar lipids. For example, McIntosh (10) compared the
gel phase of DPPC with the gel phase of diphosphatidyl-
ethanolamine (DPPE), since DPPE has a simpler wide-
angle pattern attributed to the chains being untilted.
Consistent with this the Fourier electron density profiles
yielded a smaller headgroup-headgroup separation in
DPPC. Assuming that this smaller distance for DPPC is
due entirely to tilt in the chains and not due to differences
in headgroup orientations, a tilt angle § — 31° can be
obtained. This value is in good agreement with Levine’s
result (13) and also with the result § = 27° that can be
deduced by comparing the positions of the C4 and C14
methylenes obtained from low-angle neutron diffraction
for selectively deuterated/protonated methylenes (14).
Another method obtains structural information about one
phase of a lipid and then relates it to another phase. For
example, we obtained a value of the volume of the
headgroup Vy for DPPC in the subgel, fully hydrated C
phase for which there is additional diffraction informa-
tion (19). Since the gel phase is also fully hydrated and
since the water would be expected to fill any voids in both
phases (20, 21), ¥} should be the same as in the C phase.
Another example that uses information about one phase
to determine information about another phase has
recently been given by MclIntosh and Simon (15, 19).

MATERIALS AND METHODS

DPPC was purchased from Avanti Polar Lipids, Inc. (Birmingham, AL)
and used as received. Lipid purity was judged to be excellent based on
calorimetric and dilatometric half-widths of 0.1°C for the main transi-
tion. All samples were fully hydrated with 50% or more water by weight.
Hydrated samples were taken five times through the following ther-
momechanical cycle: suspension in a water bath 10-15°C above the
main phase transition temperature for several minutes followed by brief
vortexing, followed by suspension in an ice-water slurry for several
minutes, followed by brief vortexing. The hydrated lipid was then loaded
into 1-mm glass capillary tubes and flame-sealed.

An Elliott GX21 rotating-anode x-ray generator (Enraf-Nonius
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Service Corp., Bohemia, NY) was used with graphite monochromator
and Bicron Nal scintillator-photomultiplier detector (Blake Industries,
Inc., Scotch Plains, NJ) to record the diffraction patterns from the
samples. The sample was mounted on a Huber 511.1 four circle
goniometer {Blake Industries, Inc.) which provided precision angular
control. The intrinsic resolution width of diffraction peaks with this
configuration is 0.01 A~". All experiments were performed at 7 = 20 =
2°C. The integrated intensities of the low-angle lamellar reflections
were obtained by several methods of computer integration. The differ-
ences between methods involved different choices of baselines. Baseline
curves were constructed with a computer graphics program or obtained
from the scattering data of capillary tubes containing water and no lipid.
Also, the integrated intensities were obtained either by numerical
integration or by fitting the diffraction peaks with Gaussian lineshapes.
The differences from these various integration procedures were smaller
than the variations from one sample to another. The integrated intensi-
ties were multiplied by the Lorentz-polarization correction factor, which
is ~ k%, to yield I(k). To obtain structure factors, F(A), the square root of
I(h) was taken and the phases () of Torbet and Wilkins (9) were
used.

The strip model represents the electron density p*(x) versus distance
x from the center of the bilayer as a sequence of strips, each with a
constant density p, and width x;. Two different strip models were utilized
in this paper. A four-strip model, to be called the 4S model, represents
each of the four parts of the bilayer (terminal methyl, methylene,
headgroup, and interlamellar water) as a single strip; a five-strip model,
to be called the 5S model, represents the headgroup by two strips instead
of one strip as in the 4S model. Each strip has a width and electron
density, but the sum of strip widths must add to D/2, so the model is
specified by 2N — | parameters. The structure factors F(#) have a
simple analytic form (16).

The hybrid models introduced and developed in this paper contain
features of both the strip model and the Gaussian model introduced by
Mitsui (8). The interlamellar water region and the methylene regions of
the bilayer are first approximated as constant density regions (strips). In
the headgroup region a gap proportional to the width of the headgroup is
left between these strips which is bridged by a bridging function that was
chosen to be half the period of a sine function with amplitude equal to
the difference in electron densities of the water and methylene regions.
(See right-hand side of Fig. 1.) The headgroup regions and the terminal
methyl region are represented by Gaussians which are superimposed on
the bridged strip functions. Hybrid models therefore represent the
electron density p*(x) as a function that is continuous and has a
continuous first derivative. Two specific hybrid models were considered
in this study. For the 1G hybrid model each of the two headgroups is
represented by one Gaussian function. For the 2G hybrid model each of
the two headgroups is represented by two Gaussians. A 2G hybrid model
electron density profile is depicted in Fig. 1. The number of parameters
required to specify the hybrid models is the sum of three for each
headgroup Gaussian (position Xy;, amplitude Cy;, and width ay;), two
for the terminal methyl Gaussian (amplitude Cy; and width ay,;) and one
each for the electron density of the fluid region (p§) and the methylene
region (p&;,). The constant methylene baseline extends from 0 to Xy, —
oy, and the constant water baseline extends from Xy, + oy, to D/2. The
mathematical definitions of the hybrid models and the functional form
of the structure factors F(4) are given in detail (23).

Nonlinear least-squares fitting of strip and hybrid model electron
density profiles to the measured low-angle intensity data I(h) was
performed. The best fit to the data is defined to be that given by the
electron density model parameter set p that minimizes the sum of the
square of the residuals, R(h; p):

)4

RX(h; p) = )_ w(h) [I(h; obs) — I(h; P)I%, (4)
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FIGURE | Electron density profile p*(x) as a function of distance x
from the center of the bilayer for a 2G hybrid model is depicted on the
left-hand side for half a bilayer. The right side depicts the constituent
parts of the profile.

where the sum is from 1 to H, the highest lamellar diffraction order
abserved. The weighting function w(h) is equal to 1/}, where o, are the
experimental uncertainties for the intensities. Fits to the data of Torbet
and Wilkins (9) used equal weights w(h) for all 4.

RESULTS

Lamellar low-angle diffraction from the gel phase of
DPPC was recorded and orders A = 1 to 5 and the 7th
order were observed as shown in Fig. 2 for a representa-
tive experiment. The peak widths are the resolution width

IX) (Counts)

2ol

FIGURE2 Relative scattering intensity I(X) versus reciprocal space
distance X of G phase DPPC at 20 + 2°C. The body of the figure shows
the seven orders of low-angle lamellar diffraction recorded in a typical
experiment; the inset shows the wide-angle diffraction pattern. Notice
the use of a logarithmic scale for the body of the figure which
exaggerates the apparent width of the peaks and the baseline features
but emphasizes the dynamic range of the data.
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0.01 A-' of the diffractometer configuration. A limited
amount of data was also taken using a silicon monochro-
mator and the true width of the & = 1 peak is 0.005 A"

Our structure factors with errors are given in column 2
of Table 1 along with those obtained from Torbet and
Wilkins (9) (designated TW) and Mclntosh and Simon
(11) (designated MS). Each data set is normalized by the
factor a (17), given by

al=

ST

H
> ; [F(R)). 5

The reference D-spacing D, is chosen to be 63.7 A, our
resuit for the bilayer repeat. The sum in Eq. 8 was
restricted to H = 5 so as to treat all data sets uniformly.
The different data sets are consistent within the estimated
experimental error. Although we did not observe the A = 8
order, we estimate that its absolute value is <0.1. For
some of the subsequent calculations F(8) will be taken to
be zero, which is within experimental error of the value
found by TW (9). The values of F(0) given in Table 1 are
not obtained directly from the experiments but will be
determined subsequently.

Diffraction in the wide-angle region is shown in the

TABLE t Measured and calculated relative
(normalized) structure factors F(h), with experimental
uncertainties in parentheses, for the G phase of DPPC
(T = 20°C)

Data Calculated
This MS TW 2G
h  paper (11) %) 1G 2G 5S (TW)
0 0.388 0.25 0.86 0444 0400 0392 0.373
(0.014)
1 —0.61 —-068 —~0.62 -0.71 -0.66 -0.65 -0.61
(0.05)
2 -0.57 -057 -060 -054 -056 —0.56 -0.59
(0.02)
3 +0.36 +0.33 +0.33 +037 +036 +0.36 +0.34
(0.03)
4 -0.33 -0.26 -0.28 -031 -031 -032 —-0.28
(0.03)
5 —-0.24 -0.22 ~0.28 -026 -0.24 -024 -0.31
(0.02)
6 0.00 0.00 -0.01 0.00 000 -000 -003
(0.01)
7 -0.17 — —-0.20 —-0.12 ~0.17 -0.17 -0.22
{0.02)
8§ ~00 — -0.03 -0.09 0.00 0.00 -0.02
0.1
9 — — -0.12 -005 -008 —-0.08 -0.11
10 — — —-0.21 -0.05 -0.07 0.03 -0.19
D 637 63.6 64 — — — —
0.3)
K —_ — — 2.46 2.72 2.79 2.92

The absolute structure factors are given by KF(h) where our best
estimates of K (in ¢/A*) are given in the last line.

inset of Fig. 2. It consists of a sharp peak at 4.23 + 0.02 A
and a broader shoulder at 4.12 + 0.02 A. Indexing these
to the [2, 0] and [1, +1] reflections, respectively, yields a
chain packing orthorhombic unit cell with a = 8.46 + 0.04
A and b = 4.71 + 0.03 A containing two hydrocarbon
chains, each of which has 4c = 199 + 0.2 A% and a
methylene density p&,, = 0.317 + 0.003 e/A’, in reason-
able agreement with the literature values mentioned in
the Introduction.

Hybrid models and strip models were fit to the struc-
ture factors F(h) shown in Table 1 as well as to the
squares of the structure factors, I(k) = |F(h)|%, with the
weights in Eq. 8 consistently assigned for the intensity
data. It made virtually no difference whether the fitting
was to the structure factors, which include the phases
assigned by Torbet and Wilkins (9), or whether the fit
was to the intensities, which include no phase informa-
tion. This simply means that the initial electron density
models were chosen sufficiently close to the final ones that
the subsequent refinement involved in the fitting was not
sensitive to the phases. Some models were fit to the data
of Torbet and Wilkins {9) and will be denoted by (TW),
e.g., 2G (TW) hybrid model; all other models were fit to
the data obtained in this study.

The first set of fits will be calied unconstrained fits
because all the parameters in the models are allowed to
vary to obtain the best fit, except the fluid electron density
pw, which is replaced by zero in the minus fluid character-
ization (18) for which F(0) is calculated. The results were
unsatisfactory in predicting the value of p&,,. In particu-
lar, different models and different sets of data gave values
of p&, whose differences were of order 0.02, which is
more than six times the experimental error seen in the
wide-angle diffraction. To investigate this negative result
further, some purely model calculations were performed.
These calculations utilized a known electron density
profile and its Fourier intensities /(&) for h < H. Electron
density models with constrained values of the methylene
electron density pcy, were then fit to these “data.” The
result was consistent with the results mentioned above for
the real data, namely, variations of pcy, that were six
times the experimental uncertainty from the wide-angle
measurements gave results for the structure factors that
were within experimental error. These results mean that
p&u, is not well-determined by electron density models
obtained from low-angle intensity data compared to the
precision obtained from using the wide-angle diffraction
data and making the standard assumption of orthorhom-
bic chain packing. This outcome is a result of the small
difference in electron density between the methylene
region of the bilayer and the water in which the lipid is
dispersed; the methylene region thus makes a rather small
contribution to the low-angle lamellar diffraction. This
minor influence on the intensities leads to the insensitivity
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of the unconstrained models in the determination of pgy,.
It should be noted that this fundamental problem of low
contrast in x-ray diffraction of phospholipids is elimi-
nated in neutron diffraction studies, where the large
difference in scattering lengths of the proton and deute-
ron can be utilized.

Because of the results in the preceding paragraphs the
principal fits to the low-angle diffraction data were
constrained fits in which p&,, was chosen to be in the
range determined by wide-angle results. The fitted values
of F(h) are shown in the last four columns of Table 1 for
p&:, = 0.317 e/A’. These values of F(h) obtained from
the constrained fits are reasonably consistent with the
measured values when experimental error is considered,
although it may be noted that the 1G model naturally
yields poorer values of F(h) because there are fewer
parameters in the model than for the 2G or 5S models.
Overall, however, it appears that the specific functional
forms assumed in the electron density models are reason-
able. Of course, from an electron density model, one also
obtains predictions of F(h) for higher values of A than can
be observed. The predictions can be tested in two ways,
{a) by comparing to the & = 9 and 10 TW data or (b) by
the criterion that a large F(h) for h > 8 would have been
seen in our data but was not. The predictions shown in
Table 1 satisfy the second criterion, although the 4S
model (not shown) does not satisfy this criterion. None of
the models satisfies the first criterion very well, and so
some of the subsequent analysis will also utilize the TW
data where the electron density models can be required to
fit F(9) and F(10). As will be seen, the inclusion of F(9)
and F(10) makes only small differences in the remainder
of the results.

The main purpose of the electron density models is to
obtain structural information. A typical set of structural
results is shown in Table 2 for the 2G hybrid model. This
table and how it is obtained will be explained in detail in
subsequent paragraphs.

The first column of Table 2 gives the value of the
scaling factor K by which the normalized structure fac-

TABLE 2 Calculated results (H - 8) for various
structural quantities for the 2G hybrid model versus
scaling factor K for pg,, ~ 0.317 e/A°

K A r Vu De¢ nw [}
e/A’ A? Al A degrees
2.54 51.9 1.95 339 15.5 16.9 40.0
2.60 49.8 1.94 339 16.2 14.7 37.0
2.66 47.9 193 340 16.8 12.7 339
2.72 46.0 1.92 340 17.5 10.7 303
2.78 444 191 341 18.1 9.0 26.6
2.84 429 1.90 341 18.7 7.4 22.1
2.90 41.5 1.89 342 19.3 5.9 16.6
Wiener et al. Structure of Gel Phase DPPC

tors in Table 1 were multiplied. The factor X is com-
pletely unknown from the data, which only yield relative
values of F(h). Given a value of K, all parameters of the
electron density model are optimized except for the
constrained value of p&,, and the fluid electron density

oY

From the fitted electron density model, KF (0) is easily
calculated according to its definition:

D/2

KF©)/2 - [ (p*(x) - pilax ©
0

From the value of KF(0) the area A is easily calculated

from the first relation derived in the previous paper (22)

AKF(0)/2 = n — p¥ VL, N

where n is the number of electrons in a lipid molecule, p§
is the electron density of the solvent, and V,_ is the volume
of the lipid molecule which is obtained from specific
volume measurements (20, 21). Values of A are given in
the second column of Table 2 which shows that 4 de-
creases roughly as 1/K. (It may be noted that 4 decreases
exactly as 1/K for unconstrained fits.)

The third column of Table 2 gives values of r, which is
defined by r = Vey,/Ven, where Vy, is the average
volume of each terminal methyl and Viy, is the average
volume of each methylene on the fatty acid chains. From
the second recently derived relation (22)

Veu, = [n&, + (ASu/2)1/0dn, (8)

where ndy, is the number of electrons in each methyl and
Sw is half the integrated size of the central methyl trough
in the electron density model. Table 2 shows that r is
nearly constant as K is varied, which is consistent with
Eq. (8) because 4 decreases roughly as 1/K and Sy
increases roughly as X.

The fourth column in Table 2 gives the volume of the
headgroup, Vy;, which is obtained from V| by subtracting
the total volume, V¢, of the hydrocarbon region. V¢ is the
sum of the volumes of the methylenes (which are fixed in
the constrained fits) and the volume of the terminal
methyls which is proportional to r. Together this yields

Va =W — Vo = Vo — nd&, [ncy, + racu,]/pd, 9

where ncy, and ncy, are the number of methylenes and
methyls, respectively, in the fatty acid chains. Since the
contribution of the methyls in Eq. 9 is small and the
variation in r is small, ¥ and V}, are nearly constant as a
function of K.

The fifth column in Table 2 gives half the average
thickness of the hydrocarbon region, defined by

De = Ve/A. (10)
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The hydrocarbon chain thickness D¢ varies roughly as K.
The sixth column in Table 2 gives ny, using Eq. 1. The
seventh column gives the tilt angle § using Eq. 2.

Results such as those illustrated in Table 2 have been
generated for different values of p&y, for the 1G and 2G
hybrid models and for the 4S and 58 strip models defined
in the Materials and Methods section. Examination of
these results has revealed that the structural parameters
can be functionally divided into two sets. Parameter set [
consists of p&y,, r, and Vy. This parameter set is charac-
terized by only small variations with X in either the con-
strained or unconstrained fits. The second parameter set
consists of A, ny, Dc, and 8. Parameter set 11 is character-
ized by strong variations with K. This division of the
structural parameters into two nearly independent sets is
most convenient for organizing the results of many calcu-
lations.

Our results for parameter set I are shown in Fig. 3 for
six models for values of K which correspond to # = 30°
(e.g., K =~ 2.72 in Table 2 for the 2G model). If # from
parameter set 11 is changed to 35°, each of the lines in Fig.
3 shifts downward only by about one cubic angstrom,
consistent with the aforementioned weak interdependence
between the two parameter sets. The dashed lines in Fig. 3
show the lines of constant » which are obtained from Eq.
9. Given a model and a set of data, such as the 2G model,
then any one of the three structural parameters, Vy, p&,,
and r, in parameter set I determines the other two using
Fig. 3. The three models that contain two features in the
headgroup region, namely the 2G, 2G (TW), and 5S
models, agree well with each other in Fig. 3. Poorer
agreement is obtained for the three models, 1G, 1G

3¢

& ]
Z L ]
> [ 4
xor ]
ank 3
200 1 L . ) 1 A ) ]
0.314 0.316 0.318 0.320 0.32
0.
P'crg (/A%

FIGURE 3 Parameter set I: Calculated results for six models for head-
group volume ¥y versus methylene electron density p*cy, Loci of
constant r = Vey,/Vey, are shown by dashed lines with values of r
indicated. All results are for tilt angle & ~ 30°. The lines passing through
the results were obtained by linear least squares.

(TW), and 4S, that only contain one feature in the
headgroup region.

Our results for parameter set I are shown in Fig. 4 for
values of p&; = 0.317 = 0.003 e¢/A’, the methylene
density determined from wide-angle diffraction experi-
ments. The use of parallel axes for 4 and ny, is justified by
Eq. 1, which shows the simple and direct relation between
these two structura! parameters. The use of parallel axes
for 8 and D¢ in Fig. 4 is justified because the variations in
r are small enough that Eq. 10 combined with Eqgs. 2 and
9 is effectively one between 8 and D¢. The actual D¢ scale
shown in Fig. 4 is correct for the 2G model. The largest
deviations are <0.1 A for the 5S model and 2G (TW)
models and <0.3 A for the 1G, 4S, and 1G (TW) models.
Variations of p&; by the experimental error of +0.003
¢/A?® shift the results to the lines on either side of the
central results line in Fig. 4 which again demonstrates the
weak interdependence between the two parameter sets.
Therefore, given a physical range for the values of the
structural parameters in parameter set I and the value of
just one of the structural parameters in parameter set II,
the other three structural parameters in set II are deter-
mined to good accuracy from Fig. 4.

DISCUSSION

The results in Fig. 3 show that the three models, 2G, 2G
(TW), and 5§, with two features in the headgroup region
agree very well with each other. This is encouraging from
several points of view. First, the errors in the data and the

0. (A)

8 {degrees)

FIGURE 4 Parameter set I1: Calculated results for area A (left abscis-
sa), waters of hydration n, (right abscissa), the chain tilt angle 8
(bottom ordinate), and the hydrocarbon thickness D¢ (top ordinate).
Each of the results is for methylene electron density p*cy, = 0.317 ¢/A%.
The lines that bracket the data correspond ta p*cyy, = 0.314 ¢/A® (upper
line) and 0.320 e/A® (lower line).
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necessary truncation of higher orders of diffraction do not
seem to be important as seen by comparing the results of
the hybrid 2G model obtained from the Torbet and
Wilkins data with the results obtained from our data.
Second, the precise functional form of the electron den-
sity model does not seem to affect the results as seen by
comparing the results in Figs. 3 and 4 for the 2G hybrid
model and the 5S strip model. The strip models have the
sharpest conceivable boundaries and the hybrid models
have very smooth boundaries. Agreement of results for
these two disparate models would be supposed to extend
to intermediate models, including the true bilayer elec-
tron density. The essential feature appears to be the
capability of the model to accommodate an asymmetric
headgroup by having two features in the headgroup
region, either two Gaussians or two strips, as seen by
comparing to the 1G and 4S models, which have only one
feature in the headgroup region.

It had previously been clear that there is one relation,
Eq. 9, between the three parameters, Vy, p&y,, and 7, in
parameter set 1. What emerges from the modeling is a
second relation which is the best line through the filled
points in Fig. 3. Now, given any one of the three parame-
ters, Vy, p&u,, and r, the other two can be determined. This
is one of the main results of this work. However, it must be
emphasized that one still requires “outside” information,
i.e., information additional to the low-angle diffraction
intensities and the specific volume, to determine all the
parameters in parameter set [.

Using a value of the methylene electron density, p¥y, =
0.317 + 0.003 e/A’, determined from the wide-angle
diffraction experiments, a headgroup volume V; = 340 =
10 A* is obtained from Fig. 3. This range of values
includes our earlier estimate of 348 A3, which from Fig. 3
requires values of p&, in the range 0.319 to 0.320 e/A®
which is also consistent with the values obtained from
wide-angle diffraction. Also, the value obtained for the
ratio r of terminal methyl volume to methylene volume is
1.93 = 0.06, which is in the range of acceptable values
considering that the gel phase of DPPC is somewhere
between the fully crystalline chain systems, which have
values of r ~1.75, and chain-disordered systems, which
have values of 7 ~ 2 (19). In this connection, it may be
noted that, while it is agreed that in the gel phase the
chains are mostly all-trans in their central parts, there can
be local disordering near the ends, which would tend to
increase r for the terminal methyls to values closer to the
chain-disordered values than to the crystalline values.

To determine the structural parameters, ny, A4, 8, and
Dc, in parameter set II requires determining one of them,
as is emphasized by Fig. 4. The only one that can be
directly linked to the results of modeling the electron
density profile is D¢. The idea is simply that D, gives the
boundary between the methylene region and the head-

group region, which can be visualized from the electron
density profiles themselves. To examine the efficacy of
this idea, consider the actual electron density profiles
shown in Figs. 5 and 6 for the 1G, 4S, 2G, and 5S models.
These particular profiles (which are, in fact, our best
profiles) are for the models reported in Table 1, particu-
larly for the K values given in Table 1 and oy, = 0317
e/A>. (The “best” 2G model derived from the TW data is
shown in Fig. 1.) A solid line has been drawn in each
profile corresponding to the value of D for that model
calculated from Eq. 10. As K is decreased from the values
given in Table 1 the calculated value of D, decreases as
can be seen in Table 2. The positions of the headgroup
peaks and their widths stay roughly constant so that
eventually such models would make the unreasonable
prediction for small K that the hydrocarbon region ends at
a point far from the headgroup peaks. The problem is how
to define a precise and valid criterion for choosing Dc.

A simple and direct criterion to determine D¢ is offered
by the 48S strip model, namely the location of the disconti-
nuity between the head and methylene regions (12).
However, we believe this criterion should be viewed with
caution. In particular, the definition of D. must be clear,
especially when comparing results from different studies.
Our definition of D¢ is the volume average position of the
boundary between methylenes and headgroup. Since the
two chains in DPPC are inequivalent (14) with the
1-chain connected to the glycerol group at a level smaller
than D¢ and the 2-chain connected at a level larger than
D¢, D¢ will not be the position at which the region of
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FIGURES Absolute clectron density profiles p*(x) as a function of
distance x from the center of the bilayer obtained from the 1G model
(left) and the 2G model (right). These profiles correspond to the values
of K listed in Table 1. In each profile the calculated average boundary
for the hydrocarbon region is represented by a solid vertical line
designated +Dc. The center of the Gaussian, Xy, is shown with a dotted
labeled line, as is Xy-20y;.
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FIGURE 6 Absolute electron density profiles p*(x) as a function of
distance x from the center of the bilayer obtained from the 4S model
{left) and the 5S model (right). These profiles were generated using the
values of X listed in Table 1. In each profile the calculated average
boundary for the hydrocarbon region is represented by a solid vertical
line designated + Dc. The Fourier series generated from the experimen-
tal data (Table 1) is also shown as a dashed line.

constant methylene density ends. Rather, it should be
closer to a position at which the carbonyl from the 1-chain
increases the electron density above that of the constant
methylene region. This is consistent with the values of D¢
depicted in Figs. 5 and 6, which occur inside the head-
group strip and inside the headgroup Gaussians. We have
also explored a number of other possibilities that will not
be discussed here. Unfortunately, none allows us to
exclude any value of D in the rough range form ~15
to ~19 A based on the electron density profile criterion.
From Fig. 4 one sees that this range yields fairly impre-
cise values of the other structural parameters in parame-
ter set 1.

From the preceding discussion it is appropriate to
consider “‘outside” determinations for the parameters in
parameter set II. It is our current view that the best
outside value is # = 30°, which has been obtained to within
3° by three independent methods (10, 13, 14). Using this
value of # gives the K values shown in Table 1, the electron
density profiles shown in Figs. 5§ and 6, and the results
shown in Table 3 for the other structural parameters in
parameter set I1.

It should be emphasized that the method used to obtain
the results in the preceding paragraph is essentially the
same as the method used in our previous paper (19). The
results are, however, in disagreement because the experi-
mental value ny = 13.6 (3) was used there and the result
ny = 10.6 + 2.0 in this work follows from the measured
values of 8. This highlights the fact that the literature
values for 6 are inconsistent with the more recent, higher

TABLE 3 Best values of average structural features
of gel phase DPPC at T - 20°C
with estimated uncertainties

D 63.7+£ 034
Dc 175 £ 0.5 A
Dy 13.9: 264
Dy 74:054
Dy 118+ 08A
Dj, 8.5:+04A
Dy 498 £ 23A
Xun 450+ 1.0A
A 45.9 + 2.0 A?
2A4c 39.8 + 0.4 A?
A 400 + 3.1 A?
Vi 1,144.0 + 20 A®
Vx 1,462.0 + 620 A?
Ve 804.0 + 12.0 A®
Va 340.0 + 10.0 A®
Veu, 253+ 0.2A°
Veu, 488 + 1.94°
0 30.0 + 3.0°
F(0) 0.388 + 0.014
nw 10.6 + 2.0

ry 17+15

values of ny = 17.5 (2) and 19 (1), which were obtained
by determining the hydration level at which the D spacing
ceased to change. Instead the literature values of @ are
more consistent with the ny of 9 (7) obtained by hydrat-
ing from the vapor.

The conclusion of the preceding paragraph is surprising
because the vapor hydration method produces signifi-
cantly smaller D spacings than those obtained with fully
hydrated lipid and this has properly weakened confidence
in this method of obtaining ny. We would like to suggest
that the vapor hydration method gives results that are
fortuitously close to our values due to the cancellation of
two systematic errors, only one of which affects the
D-spacing method. The basic assumption in thinking
about ny is that the bilayers are well-ordered in flat,
paraltel arrays with no imperfections. The idea that
explains the above anomalous results is to allow for
imperfections, such as those that must occur in the centers
of liposomes or where liposomes impinge upon one anoth-
er. In the fully hydrated state such regions will likely have
a larger water/lipid ratio compared to the perfectly
oriented system. These imperfections would make ny
appear larger in the D-spacing method of measuring ry.
Such imperfections would, however, have relatively little
effect upon the lamellar diffraction which is used in our
analysis because the diffraction preferentially focuses on
the more perfect regions. It is, therefore, not proper to mix
the ny results obtained using the D-spacing method with
our results. Furthermore, the value of ny is less funda-
mental that ours since it depends upon the extent of
imperfections which in turn depends upon the degree of
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annealing of the system and is subject to large fluctua-
tions as the literature indicates. The method of hydrating
from the vapor is also subject to this systematic error as
well as to the error that the lipid never becomes fully
hydrated. We suggest, therefore, that ny may only be
obtainable indirectly, as in this paper.

Our value of F(0), 0.388 = 0.014, was obtained by
averaging the three values for the 2G, 2G (TW), and 5S
models given in Table 1. It differs significantly from two
previously quoted values, 0.86 from Torbet and Wilkins
(%) and 0.25 from Mclntosh and Simon (11). The result
of Torbet and Wilkins was estimated from examining
molecular models of DPPC and those authors acknowl-
edged that the value of F(0) was strongly dependent upon
the particular model used. The primary thrust of their
paper, the determination of the higher order phases of the
lamellar reflections, did not depend critically upon F(0),
implying that they did not attach much weight to their
particular value of F{0). Mclntosh and Simon utilized
five orders of diffraction obtained at different levels of
hydration in their estimate of F(0). With only five orders
of diffraction, F£(0) is not very well-determined (Nagle,
J. F., unpublished calculations), and like Torbet and
Wilkins (9), McIntosh and Simon did not attach much
weight to their particular value. In our opinion the use of
constrained electron density models is the best method for
the determination of F(0). Using our value of F(0), the
absolute continuous transform F(X) was constructed
using the sampling theorem (9, 18) and is shown in
Fig. 7.

One of the most quoted results from low angle x-ray
studies is the distance between the headgroups, Xj.u,
which is often associated with the phosphate—phosphate
distance, which is a measure of the bilayer thickness.
Results for Xy may be obtained from Fig. 8, which
focuses on the peak of the headgroup region. The 2G
model (with H = 8) and the 2G (TW) model (with
H = 10) both yield X, near 45 A. The Fourier series
with H = 6 has a peak near 42 A, the Fourier series with
H — 8 has a peak closer to 43 A, whereas the peak of the
H = 10 Fourier series is a little greater than 44 A. It
appears that the Fourier series tend to underestimate Xy 5
for finite H. Furthermore, the peak of the total electron
density is located closer to the center of the bilayer than
the peak in the outer Gaussian. Thus, if one supposes that
the phosphate is located at the center of the outer feature,
the phosphate—phopshate distance is further underesti-
mated from finite H Fouriers. However, the total under-
estimation is <4 A for H = 6.

Table 3 collects all the data and the results for parame-
ter sets I and II, F(0), and Xy . It also gives results for
many additional structural parameters which have been
carefully defined elsewhere (19). As noted in (19), it is
unrealistic to constrain the mean area of the headgroup to
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FIGURE 7 Continuous scattering transform F(X) of gel phase DPPC.
F(h) for h = 0 to 8 are from column 2 in Table I and F(9) and F(10) are
from column 4 in Table 1. For absolute values multiply by the X values
in the last column of Table 1. The phases of the various regions are
indicated by the + and — signs on the figure.

be the same as the area A4 per molecule (even though some
sections through the headgroup probably achieve this
area). It is appropriate to represent the mean size of the
headgroup by area 4’ and thickness Dj;. This allows n, of
the ny, water molecules to enter the headgroup region and
the thickness of the pure water region becomes Dy, (so
that 2D¢c + 2Dy + Dy = D). Earlier estimates of these
primed (") quantities required a value of D}, which was
crudely estimated from the neutron diffraction studies of
Buidt et al. (14) to be 8 A, our estimate (19), or 9 A (15).
The results of electron density modeling allow a different
procedure for the determination of D}. The boundary of
the hydrocarbon region, extending to De ~ 17.5 A, is

o1 ] ' 1R
© H=6
® H8
A He10 (TW)

ed

o
» %
N\

p*(x) (/A3

X (A)

FIGURES Electron densities for the 2G model (H = 8), the 2G (TW)
model (H - 10), and the H = 6, 8, and 10 Fourier series in the
headgroup region versus distance x from the center of the bilayer.
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taken to represent one side of the headgroup region. For
the other boundary between the headgroup and the
interlamellar water Xy, + 204, may be consistent at
which p*(x) ~ p¥. This leads to a vlaue of D} = 8.5 A.
Also, a value of D}y = 11.9 + 0.8 A is obtained from a
consideration of the 2G, 5S, and 2G (TW) models. These
values compare well with the result of 11.5 A given by
McIntosh and Simon (11) for the thickness of the interla-
mellar water layer between fully hydrated G phase DPPC
bilayers.

CONCLUSIONS

A unified method to analyze volumetric and diffraction
data in the determination of the structure of fully
hydrated bilayers has been demonstrated. In particular,
the low-angle intensity data have now been fully inte-
grated into our previous analysis (19). This analysis has
the flexibility of choosing the more certain of the experi-
mentally determined quantities and in checking the con-
sistency of various data (see Fig. 4 for example).

While electron density modeling has been pursued for
some years, the derivation (22) and use of relations for
obtaining structural information in addition to the
parameters of the particular density function fit to the
data is a new result. In addition the hybrid models
developed here are continuous electron density functions
that provide an appealing representation of the bilayer.
(See Figs. 1, 5, and 6.) In particular, the Gaussian
representation of the headgroup and terminal methyl
regions yields profiles more similar in appearance to the
Fourier series electron density profiles than the simple
strip models. However, an important result is that the
smooth hybrid model yields the same structural results as
the sharply discontinuous strip model (see Figs. 3 and 4)
provided that two features are included in the headgroup
region for each model. Therefore, the results of the
analysis are not sensitive to guessing precisely the
unknown functional form for the electron density of the
bilayer.

When applied to either our data or the data of Torbet
and Wilkins (Table 2 and Fig. 2), our analysis yields
consistent results for a large number of structural param-
eters characterizing bilayers in the fully hydrated gel
phase of DPPC as shown in Table 3. The only additional
datum used in the analysis was the value of the tilt angle @
measured by others (10, 13, 14).

Received for publication 15 June 1988 and in final form 17
October 1988.
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