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Membrane injury is an important factor contributing to cellular death following environmental stress. Recent
evidence suggests that in plants, changes in membrane phase properties after exposure to a lethal
environmental stress may be a result of lipid deesterification mediated by free radicals. To test this
hypothesis, the effects of primary free radicals, produced by the radiolysis of water in the absence of oxygen,
upon the structure of a dipalmitoylphosphatidylcholine (DPPC) model membrane system were studied.
Small-angle X-ray diffraction and differential scanning calorimetry were used to examine DPPC bilayers
exposed to increasing doses of gamma radiation. The electron density distribution of the bilayer did not
change with increasing irradiation, but the thickness of the water layer between adjacent bilayers increased
significantly. The upper limit of the broadened gel to liquid-crystal transition was increased by 4 to 10 Cdeg
by the radiation treatment. Compositional analysis of the DPPC bilayer after irradiation indicated that a
substantial portion of the phospholipid had been deesterified. Lysophosphatidylcholine was not detected. The
changes in structural properties of the bilayer were simulated when the sodium salt of palmitic acid was
incorporated into the DPPC bilayers but not by the addition of the acid itself. A mixture of lysophosphati-
dylcholine, sodium palmitate and DPPC did not simulate the structural changes. The free radicals generated
by irradiation promoted deesterification at both the 1 and 2 positions of the glycerol backbone of DPPC,
and the resultant accumulation of fatty acid salt in the bilayer altered its structural properties.

Introduction in microsomal membranes [3,4]. In dehydration,

the deesterification events have been attributed to

Various environmental stresses such as freezing
[1} or dehydration [2] can induce significant mem-
brane injury. This damage is expressed as elevated
gel to liquid-crystalline phase transition tempera-
tures and increased free fatty acid concentrations
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free radical activity.

There are many reports of free radical damage
to biomembranes [5-7] and phosphatidylcholine
bilayers {8]. In some cases the free radicals were
generated by radiolysis [7,8], as in this paper, and
in others they were produced by chemical means
[5,6]. The effects of free radicals on bilayers of
saturated lipids have received little attention;
however, the peroxidation of unsaturated lipids by
free radicals has been extensively documented [6,9).

Radiolysis of water in the absence of free
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oxygen results in the formation of primary free
radicals such as e,,, H, 'OH, and H,0, [7,10].
The 'OH radical damages the head group of 1,2-
distearoyl-sn-glycero-3-phosphatidylcholine [8]
with the result that there is increasing water
penetration of the bilayer and increased rigidity of
the interior of the bilayer.

Free radicals can promote deesterification in
complex lipid mixtures. For example, Niehaus [11]
shows deesterification of membrane lipids using
the superoxide anion radical (O5 ). Senaratna et al.
[4], using xanthine oxidase as a free radical gener-
ator, report deesterification of soybean micro-
somal membrane. Peroxidation of lipids in these
systems is very slight. Kong and Davison [7] pro-
pose that relatively little membrane damage oc-
curs following radiolysis of water since the free
radicals produced are either charged or polar and
thus are poorly soluble in the membrane matrix.

These findings prompted us to examine the
efficacy of free radical mediated deesterification.
Structural changes in the membrane were de-
termined by small-angle X-ray diffraction, dif-
ferential scanning calorimetry (DSC) and com-
positional changes by gas chromatography (GC).

In the present study, we report that increased
levels of free 16:0 chains are present following
exposure of the bilayer to free radicals. These
chemical changes were accompanied by increases
in phase transition temperature and water layer
thickness. Similar changes could also be observed
in simulations consisting of DPPC model mem-
branes into which the salt of the fatty acid was
incorporated.

Materials and Methods

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcho-
line (DPPC)was obtained from Calbiochem and
used as supplied. The quality was checked by DSC
and thin-layer chromatography (TLC, CHCl,/
CH,0OH/H,0, 65:25:5 by volume). The free
fatty acid salt used in all experiments was sodium
palmitate, which was obtained from Sigma, and its
purity was checked by TLC (petroleum ether/
diethyl ether/acetic acid, 70:30:2). The 1-
palmitoyl-sn-glycero-3-phosphatidylcholine (lyso-
PC) was used as supplied by Sigma, as was sn-
glycero-3-phosphorylcholine (GPC) from Calbio-

chem. Palmitic acid was obtained from
Calbiochem. A 0.05 M potassium phosphate
monobasic sodium hydroxide buffer (pH 7.0) was
used in all bilayer sample preparations.’

All samples were prepared in an argon environ-
ment and all attempts were made to avoid ex-
posure of the chemicals to air. The buffer solution
was degassed by repeated freezing and thawing in
vacuum.

DPPC bilayers were prepared by adding excess
buffer to DPPC in 6 ml polycarbonate centrifuge
tubes. These were centrifuged at 180000 X g for
1.5 h, following which the supernatant was re-
moved and the remaining pellet of saturated bi-
layers was distributed into 2.0 mm o.d. diameter
glass capillary tubes which were then sealed and
weighed. The weight was monitored throughout
the experiments to confirm that there was no loss
of water. Each sample tube contained about 3.5
mg of DPPC. The amount of buffer incorporated
was between 50 and 60% by weight.

DPPC samples were irradiated using a y-source
(Gammacell 220, Atomic Energy of Canada, Ltd.)
for periods ranging from 2 to 10 days. The dose
rate was 99350 rad/h (6.21-10%'eV-kg™!-h™!)
and the temperature approx. 25°C. In addition, to
achieve very high doses in a reasonable time, a few
samples were placed in a high dose rate (1.1
Mrad - h™') cobalt-60 y-source.

When additional components were added to
the bilayers, a different procedure was adopted to
ensure adequate mixing and to prevent loss of any
component which might partition into the super-
natant. Two- and three-component mixing was
achieved by dissolving the desired amount of each
component in methanol (Caledon Laboratories).
The solution was dried using a rotary evaporator
(Buchi Rotavapor) at 35°C and then placed under
vacuum for 24 h at room temperature. The powder
mixture was then placed in a porcelain dish and
suspended in an excess of buffer. The buffer was
consequently evaporated to a point whereby the
sample weight was between 50 and 50% buffer.
Subsequent preparation was the same as for pur
DPPC. All samples were stored at —10°C and
before use, were annealed by cycling from —10°C
to room temperature several times. In addition, to
determine the influence of buffer content on d-
spacing, a series of DPPC/sodium palmitate sam-



ples (28.6 mol% sodium palmitate) of buffer con-
tent ranging from 40 to 90% was prepared.

All DSC scans were obtained with a Microcal
MC-1 (Amherst, MA) calorimeter at a scan rate of
14.4 Cdeg per h.

Small-angle X-ray diffraction patterns were ob-
tained using a line source from a Franks’ camera
[12] equipped with a nickel coated mirror. A Philips
generator operating at 40 kV and 20 mA provided
the copper Ka X-rays. Patterns were detected
with a Tennelec (Oak Ridge, TN) linear position-
sensitive detector and collected using 512 channels
in a Tracor-Northern (Middleton, Wi.) multichan-
nel analyzer. Data were transferred to an IBM PC
micro-computer for analysis. The system was
calibrated to yield d-spacings (Bragg spacings) for
various reflections from the location (channel
number) of peaks for the constant sample to de-
tector distance of 28.9 cm. To obtain reflection
intensities, smooth background curves were drawn
on printouts of the patterns and peak areas mea-
sured with an electronic planimeter (Numonics
Corp.).

The diffraction pattern is the convolution of
the Fourier transforms of the bilayer electron den-
sity distribution and of the one-dimensional lattice
on which the bilayers are located. In a somewhat
disorganized system the lattice transform will have
an amplitude large enough for a significant sam-
pling of the bilayer transform only at or near
those points in reciprocal space corresponding to
integral multiples of the reciprocal of the lattice
spacing. As the water thickness between bilayers
increases, the d-spacing increases and the bilayer
transform is sampled at locations closer together
in reciprocal space. This results in variations of
the relative intensities of the diffraction peaks
even when the bilayer itself does not change sig-
nificantly. The measured powder pattern intensi-
ties were increased by the Lorenz correction of A,
where h is the order number of reflection [13]. In
all cases the phases assigned to the first 4 reflex-
ions (where detected) where 7, 7, 0 and 7. These
are the accepted phases for DPPC [14] and tests
with other phase assignments at all spacings led to
very improbable electron density distributions.

Circulating water baths regulated the sample
holder on the X-ray diffraction camera to +0.5
Cdeg.
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Total fatty acid and free fatty acid composi-
tions were determined by gas chromatography
(Shimadzu GC-5 with DB-17 megabore column)
following methylation using the methods of Mor-
rison and Smith [15] and Walker et al. [16], respec-
tively.

Results

Specific analyses of selected samples indicated
that the relative concentration of free 16 : 0 chains
rose with increasing irradiance (Table I). TLC and
GC performed on the irradiated samples listed in
Table I revealed not only phospholipid and free
16:0 chains, but also low molar mass compo-
nents. Diacylglycerols and lysophosphatide were
not detected in any sample.

Samples of saturated DPPC bilayers gave
small-angle X-ray diffraction patterns (Fig. 1C)
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Fig. 1. Comparison of small-angle X-ray diffraction patterns at
4.0°C for (A) an irradiated DPPC sample (23.8 Mrad), (B)
simulation using DPPC and 28.6 mol% of sodium palmitate
and (C) DPPC in excess buffer.
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Fig. 2. Comparison of calorimetric transition curves for three systems. (A) DPPC, (B) irradiated DPPC (23.8 Mrad) and (C)
simulation using DPPC and 22.2 mol% each of sodium palmitate and GPC. Each scan finishes with a calibration pulse (1.27-10 2
cal). In all cases shown, the scan rate was 14.4 degC /h.

with 4 orders and low background indicative of a Following y-irradiation of DPPC samples, there
well-ordered system. Corresponding DSC scans were significant changes in small-angle X-ray dif-
exhibited the characteristic pretransition and main fraction patterns (Fig. 1A) and DSC traces (Fig.
transition (Fig. 2A). 2B). At 5.7 Mrad the diffraction pattern (not
TABLE |

SMALL-ANGLE X-RAY DIFFRACTION (4.0°C) AND GC DATA FOR IRRADIATED MODEL MEMBRANES, SIMULA-
TIONS AND DPPC

Sample d-space d-aq d-bilayer L/1,4 A B B/A
A) A) (A) Total Non-esterified (%)
palmitate palmitate
(pmol) (pmol)
DPPC 63 23 40 5.58 11.0 0 0
DPPC+5.7 Mrad 66 25 41 40 17.1 0.8 4.7
DPPC +9.4 Mrad 78 36 42 0.53 13.3 0.8 6.0
DPPC +23.8 Mrad 79 38 41 0.34 6.14 0.67 10.9
DPPC + 185 Mrad 97 45 52 0.56 74 3.0 40.5
DPPC /sodium palmitate * 80 38 42 0.45 9.9 1.4 141
DPPC /sodium palmitate/GPC ® 79 36 43 11 - - -
DPPC /palmitic acid © 67 27 40 6.08 - - -

# 28.6 mol% of sodium palmitate.

® The molar ratio of DPPC /sodium palmitate /GPC was 75:25:12.5.
¢ 27.6 mol% of palmitic acid.

9 1, /1,, intensity ratio of first order to second order.
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Fig. 3. Comparison of one-dimensional electron density distri-
bution maps of (A) DPPC, from Fig. 1(C), and (B) irradiated
DPPC from Fig. 1(A). The difference in d-spacing between the
two samples can be attributed to the increase in hydration
between the polar head-groups. Peaks (high electron density)
represent choline head-groups. The electron density map from
the simulated sample (Fig. 1B) is indistinguishable from the
irradiated sample at this scale.

shown) resembled that of pure DPPC, except that
peaks were considerably broader, d-spacing in-
creased by 2.5 to 3.0 A, the background was
somewhat elevated and the 4th order could not be
observed. These observations are consistent with
some membrane disorganization.

At 9.4 Mrad (not shown) and above, the dif-
fraction patterns were qualitatively similar to each
other, in that they always showed two broad peaks
and elevated background (Fig. 1A), indicating even
greater disorganization than at 5.7 Mrad.

Electron density distributions of non-irradiated
and irradiated DPPC samples (Fig. 3) showed
relatively little change in bilayer thickness, but a
significant increase in the thickness of the adjac-
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ent water layer following irradiation. Since it was
not possible to accurately determine the precise
thickness of the water layer, we have arbitrarily
recorded the separation between the centres of the
high-density peaks to indicate the thickness of the
water layer. The influence of irradiation on struct-
ural dimensions at 4°C is shown in Table L.

Saturated DPPC (37% buffer) [17,18] has a
bilayer thickness very close to 40 A based on
calculations using 1 as the approximate specific
gravity of the lipid. The electron density distribu-
tion for such a sample also shows a 40 A bilayer
thickness based on peak to peak measurement
(Fig. 3A). A series of DPPC/sodium palmitate
(28.6 mol%) samples with buffer contents ranging
from 40 to 90% by weight showed that saturation
occurred by 70% buffer at which point the d-spac-
ing was 110 A. Below saturation the bilayer thick-
ness, as determined by calculations based on rela-
tive compositions and densities and also by peak
to peak measurements from the electron density
distributions, stayed essentially constant at 40 to
45 A. For example, at 50% buffer (and d-spacing
of 80 A) the bilayer thickness calculates as 40.8 A
and the measurement from the electron density
distribution (not shown) was 42 A. The calcula-
tion includes a correction for the slight decrease in
bilayer density due to the addition of the sodium
palmitate. We therefore regard the water layer
thickness, as determined from the electron density
maps, to be quite reliable.

Precise intensity measurements of the orders
(Fig. 1A, B) are difficult, because of uncertainties
created by peak overlap and the location of the
background curve. A number of approaches were
tried, but they all led to electron density profiles
that were remarkably similar. The peak to peak
separations in the profiles were always the same
for a given experiment and only small changes in
the depth of the ‘valleys’ were observed. In all
cases only 2 orders were used to generate the
electron density profiles, thus producing profiles
of comparable resolution. X-ray diffraction pat-
terns and consequently electron density profiles
virtually identical to those of the irradiated bi-
layers could be obtained with samples composed
of DPPC and appropriate amounts of sodium
palmitate (Fig. 1B) or of DPPC, sodium palmitate
and GPC (not shown). Parameters for the simu-
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TABLE I

FEFFECT OF TEMPERATURE ON SMALL-ANGLE X-RAY
DIFFRACTION RESULTS FOR DPPC TREATED WITH
23.8 Mrad

Temperature d-space d-aq d-bilayer L/nL*
(°0) *) & A

40 9 44 48 0.19
40.0 97 47 50 0.45
50.0 85 39 46 1.32
65.0 80 36 44 2.11

2 Intensity ratio of first order to second order.

lated systems are shown in Table L.

Table II shows the changes in bilayer properties
of a radiation damaged sample as temperature
increases. Table 1II indicates that the transition
from the gel phase for this irradiated (23.8 Mrad)
sample would begin at less than 40°C and be
completed at 49.2°C. As melting progresses there
is a slight decrease in bilayer thickness and a
significant decrease in the thickness of the adjac-
ent water layer. The degree of order in the sample,
as indicated by diffraction peak width, showed
very little change with temperature.

DSC results for DPPC are compared with those
of irradiated samples and simulations (Fig. 2;
Table III). In all samples irradiated to more than
5.2 Mrad and in simulations, the main transition

TABLE III

DSC DATA SHOWING TRANSITION PROPERTIES OF
DPPC, IRRADIATED DPPC AND DPPC MIXTURES

Abbreviations: Ty, start of gel to liquid crystal transition; T,
main transition peak; Tg, end of gel to liquid-crystal transi-
tion.

Sample T Tp Tg
°O (°G (°0
DPPC 41 41.5 43.5
DPPC +5.2 Mrad 40.2 425 47.6
DPPC +23.8 Mrad - 40 49.2
DPPC +185 Mrad - 38.8 53.8

DPPC /sodium palmitate * - 389 466
DPPC /sodium palmitate/GPC b 37 38.7 45.5
DPPC /palmitic acid © 425 - 52.5
DPPC/sodium palmitate/GPC ¢ 37.7 394 476

2b and © See footnotes to Table 1.
4 The molar ratio of DPPC:sodium palmitate: GPC was
77.8:22.2:22.2.

peak (7,) occurred at a lower temperature com-
pared to DPPC. In some cases, the beginning of
the transition (7;) could not be accurately de-
termined. Pretransitions were not observed in
irradiated membranes or in binary or tertiary mix-
tures. T;, which corresponded to the completion of
the gel to liquid-crystal transition, increased with
increasing doses of radiation and was in all cases
elevated with respect to that of DPPC.

A DPPC/palmitic acid/GPC sample (28.6
mol% of the acid) and a DPPC/palmitic acid
sample (27.6 mol% of the acid) gave DSC scans
(not shown) very similar to that of Mabrey and
Sturtevant [19] who used a DPPC/ palmitic acid
(27.8 mol% of the acid) mix with a 0.01 M sodium
phosphate buffer (pH 7.0). The scan showed a
broad transition extending from about 42.5°C to
about 52.5°C and did not resemble the scan of the
irradiated material (Fig. 2B). The small-angle X-
ray diffraction pattern of the DPPC/ palmitic acid
sample was virtually indistinguishable in general
appearance from that of pure DPPC (Fig. 1C)
although the d-spacing increased slightly to 67 A.

Alternative mixtures tested to see if they would
simulate the radiation damaged systems consisted
of DPPC plus varying amounts of lysoPC plus
sodium palmitate with the mole ratio of the latter
two components always 1:1. Neither the small-
angle X-ray diffraction patterns nor the DSC scans
(not shown) resembled those from the radiation
damaged material or the DPPC/sodium palmitate
or DPPC/sodium palmitate/ GPC mixtures.

Discussion

These results support the hypothesis that
deesterification of membrane lipids by free radi-
cals can cause some of the membrane lipid to
remain in the gel phase at physiologically high
temperatures. Thus, it seems likely that a similar
mechanism will account for the elevated phase-
transition temperatures demonstrated by stress-
damaged membranes [3,4].

In this study, the fully saturated phospholipid
DPPC ws chosen to avoid the complications of
peroxidation side-reactions. Free radicals were
generated by gamma irradiation to avoid prob-
lems associated with adding other materials (e.g.,



biochemical induction of free radicals) to the sam-
ples.

The results indicate that the free radicals gener-
ated possess significant deesterification activity in
the absence of oxygen. The characteristic small-
angle X-ray diffraction pattern of DPPC under-
went a profound change as a result of even mod-
erate irradiation and this changed pattern could
be closely simulated by the inclusion of sodium
palmitate in a mixture with DPPC.

Simulations with DPPC, lysoPC and sodium
palmitate did not yield diffraction patterns resem-
bling those of the damaged material and lysoPC
was not detected with TLC. Thus, it seems that a
first deesterification may leave a lysoPC which is
much more susceptible to a further deesterifica-
tion than is an integral DPPC. If this occurred,
samples would then contain GPC which might
enter the water phase and consequently have little
effect on bilayer structural changes, GPC consists
of only the backbone and headgroup of the phos-
pholipid.

Addition of GPC to binary DPPC/sodium
palmitate samples gave results which were similar
to those from just DPPC/sodium palmitate (Ta-
bles I and III), which supports the suggestion that
GPC is in the water phase.

Schullery et al. [20] report differential thermal
analysis data for mixtures of DPPC with sodium
palmitate. Their results like ours, show a depres-
sion of the main transition temperature but do not
show the broad transition at higher temperatures
until much higher sodium palmitate content than
used in our experiments. However, there were
differences in procedure. They used excess water,
whereas, we used buffer. Our DSC scans were at a
much lower rate (14.4 Cdeg-h™') than their dif-
ferential thermal analysis thermograms (5 Cdeg -
min~"). Our scans were not made until samples
had equilibrated sufficiently to yield the character-
istic X-ray diffraction pattern, whereas they ap-
proached equilibrium by repeated heating in a jet
of steam, etc. until their sample was visually ho-
mogeneous.

Kohn and Schullery [21] present a complex
phase diagram of DPPC and palmitic acid in
excess water. At concentrations similar to those
used in our experiments they propose that, at low
temperatures, a gel phase of palmitic acid/ DPPC
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(2:1) forms with the excess DPPC in a gel Ly
phase. On heating, the mixture exhibits a sharp
endotherm at about 44°C due to melting of the
Lg portion to an L, phase followed by a broad
transition corresponding to the melting of the
palmitic acid/ DPPC (2:1) mix. A somewhat sim-
ilar process may occur in our samples.

Small-angle X-ray diffraction patterns and DSC
scans of membranes incorporating palmitic acid
rather than the sodium salt of the acid did not
resemble those of the radiation-damaged material.
Palmitic acid has a pK, of 10.2 in a DPPC bilayer
[20] and thus would be protonated in our samples.
The protonated acid is less hydrophilic than the
sodium salt; consequently, the water layer thick-
ness and DSC scans would be different for DPPC
membranes containing palmitic acid than those
containing the sodium salt.

The crucial point is that increasing radiation
caused increasing free radical formation leading to
increasing deesterification and an increase in the
maximum temperature at which some gel phase
remained.

The unusually broad peaks in the diffraction
patterns (Fig. 1A, B), indicated significant dis-
organization in the damaged bilayers. Fourier
transforms of these patterns yielded low resolution
electron density distributions (Fig. 3) that indi-
cated relatively little change in the bilayer but a
significant increase in the thickness of the adjac-
ent water layers (Table I).

All DPPC samples, prior to irradiation, pos-
sessed an excess of buffer. Consequently there was
buffer available to move into the space between
bilayers as radiation damage occurred. There was
essentially no change in the bilayer thickness either
in the irradiated samples or those simulations
where sodium palmitate was added to DPPC. The
increase in d-spacing for these samples was almost
entirely due to an increase in the water layer
thickness. While these samples were not fully
saturated, all water in excess to DPPC only had
been drawn into the interbilayer space.

It is important to have buffer in excess of that
required to saturate DPPC for two reasons. First,
radiation induced deesterification is probably op-
timized when the buffer thickness in the DPPC
samples is at a maximum, and second, it is neces-
sary to have some buffer free to move into the
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interbilayer region. Excess buffer sufficient to
saturate the irradiated (or simulated) samples was
not used, except for calibration purposes, because
of the poor quality of the diffraction patterns
from such samples. Buffer in the range of 50-60%
by weight satisfied all these requirements.

We speculate that the insertion of sodium
palmitate in the DPPC bilayer has separated the
choline head-groups and has led to a net increase
in hydrophilic groups per unit area, thus contrib-
uting to the increased interbilayer hydration. Also,
soap charge-induced bilayer repulsion may be
contributing to the increase in hydration.
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