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ABSTRACT

The temperature boundary for phase separation of membrane lipids
extracted from Nerium oleander leaves was determined by analysis of spin
label motion using electron spin resonance spectroscopy and by analysis of
polarization of fluorescence from the probe, trans-parinaric acid. A discon-
tinuity of the temperature coefficient for spin label motion, and for trans-
parinaric acid fluorescence was detected at 7°C and —3°C with membrane
lipids from plants grown at 45°C/32°C (day/night) and 20°C/15°C, re-
spectively. This change was associated with a sharp increase in the
polarization of fluorescence from trans-parinaric acid indicating that sig-
nificant domains of solid lipid form below 7°C or —3°C in these prepara-
tions but not above these temperatures. In addition, spin label motion
indicated that the lipids of plants grown at low temperatures are more fluid
than those of plants grown at higher temperatures.

A change in the molecular ordering of lipids was also detected by

analysis of the separation of the hyperfine extrema of electron spin -

resonance spectra. This occurred at 2°C and 33°C with lipids from the
high and low temperature grown plants, respectively. According to previous
interpretation of spin label data the change at 29°C (or 33°C) would have
indicated the temperature for the initiation of the phase separation process,
and the change at 7°C (or —3°C) its completion. Because of the present
results, however, this interpretation needs to be modified.

Differences in the physical properties of membrane lipids of plants
grown at the hot or cool temperatures correlate with differences in the
physiological characteristics of plants and with changes in the fatty acid
composition of the corresponding membrane lipids. Environmentally in-
duced modification of membrane lipids could thus account, in part, for the
apparently beneficial adjustments of physiological properties of this plant
when grown in these regimes.

The evergreen higher plant Nerium oleander (oleander) accli-
mates to both hot summer and cool winter conditions and grows
actively in these contrasting regimes (2). The temperature opti-
mum for photosynthesis is between 35 and 40°C for plants grown
in a 45°C/32°C (day/night) regime and between 25 and 30°C for
plants grown at 20°C/15°C (1). This ability to acclimate to the

' Supported in part by National Science Foundation Grant DEB78-
10724 to J. B. Carnegie Institution of Washington, Department of Plant
Biology Publication No. 694.

? Permanent address: Plant Physiology Unit, CSIRO Division of Food
Research, and School of Biological Sciences, Macquarie University, North
Ryde, N.S.W. 2113, Australia.

* Supported in part by a National Science Foundation Science Faculty
Professional Development Award and by a grant from the Mellon Foun-
dation Fund at Franklin and Marshall College. Permanent address: De-
partment of Biology, Franklin and Marshall College, Lancaster, PA 17604.

prevailing temperature is probably an important adaptive mech-
anism for this and other desert evergreen species, such as Larrea
divaricata (9) and Atriplex lentiformis (12), which experience large
seasonal differences in environmental temperature. The variation
in fatty acid composition of A. lentiformis with growth temperature
(11) suggests that changes in the physical properties of membranes
might be the basis for the acclimation.

To characterize the oleander membrane lipids, we have utilized
ESR* spectroscopy and measurements of fluorescence intensity
and polarization with the probe, trans-parinaric acid (25). Both
techniques revealed the same temperature for the separation of
solid and fluid phase lipids but indicate a need to reinterpret some
previous ESR studies of plant membrane lipids. Furthermore, the
results show that the physical properties of N. oleander membrane
lipids change during thermal acclimation.

MATERIALS AND METHODS

Rooted cuttings of a single individual N. oleander were grown
in controlled environment chambers with a 14 h photoperiod at
about 30 nE cm™ s7', at either 20°C/15°C or 45°C/32°C, day/
night temperature (2). Plants grown at the higher temperature
received approximately 1,000 pl/1 CO.. Enrichment with CO: is
required to permit net growth of N. oleander at this temperature.

Lipids were extracted from young, fully expanded leaves with
chloroform:methanol (2:1, v/v) containing butylated hydroxytol-
uene (0.01%, w/v). The extract was partitioned against 0.55 M KCl
followed by water (4). Polar lipids for ESR studies were separated
by chromatography on a column of Bio-Sil A (Bio-Rad), washed
sequentially with chloroform, 10% (v/v) acetone in chloroform,
and methanol. The methanol fraction contained galacto- and
phospholipids, as verified by TLC. The presence of pigments in
this polar lipid fraction precluded its use in fluorescence measure-
ments. Phospholipids for the fluorescence studies were prepared
as above except the column was eluted with chloroform, acetone,
and methanol. The methanol fraction contained the phospholip-
ids. Liposomes were prepared by gentle sonication of the polar or
phospholipids in 0.1 M Tris acetate buffer (pH 7.2) containing
0.005 M Na, EDTA.

For ESR spectroscopy, liposomes were made to 50% (v/v) with
ethylene glycol. The liposomes were labeled with spin probes
having the general structure

CH;
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(— OCH3) 1lm, n
and abbreviated I(») for the acid form and II.., for the methyl

* Abbreviation: ESR, electron spin resonance.
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ester form. The determinants m and n refer to the position of the
oxazolidine group relative to the terminal methyl and carboxy (or
carbomethoxy) groups, respectively. These labels were synthesized
by the general procedure of Keana et al. (5), and intercalated into
the lipid samples at the rate of 1 mol label/150 mol lipid. The
empirical motion parameter, 7o, was calculated using the relation-
ship

To = 6.45 X 107°[(ho/h=1)""* + ho/h+1)'"* — 2)1 W,

where h.y, ho and h_, refer to the height of the low-field, mid-field
and high-field lines, respectively, and W, is the width in gauss of
the mid-field line of the first-derivative ESR spectrum (24). Sep-
aration of the hyperfine extrema (2T;) was determined from direct
measurement of spectra as described in (21). Spectra were recorded
using a Varian E112 spectrometer. Temperature of the sample was
controlled by regulating the temperature of dry N, gas which
flowed through the cell housing with a Model TCM 20 control
unit (Deltron Pty, Ltd. Sydney, Australia). Flow rate was adjusted
such that the vertical temperature gradient within the sample tube
was less than 0.2°C. The sample temperature was measured
continuously 5 mm above the cavity of the spectrometer with a
copper-constantan thermocouple, and was stable to within +
0.005°C.

Fluorescence measurements (Perkin-Elmer MPF-3L spectro-
fluorimeter) were made on samples of liposomes containing 1,200
pg lipid (approximately 1.6 umol) and 4 nmol of trans-parinaric
acid in 3 ml buffer, containing 25% (v/v) ethylene glycol. The
thermo-regulated sample cuvette was stirred and the temperature
was monitored with a copper-constantan thermocouple. The ex-
citation beam (320 nm) was passed through a polarizing prism

(Karl Lambrecht, Chicago). A film polarizer (Edmund Scientific) .

was oriented either parallel (I)) or perpendicular (I.) to the exci-
tation polarizer and the intensity of fluorescence at 420 nm (20
nm half band width) measured. The ratio, I;/1., was calculated at
each temperature. All temperature scans were in the ascending
direction, and measurements were made on three replicate sam-
ples.

The fatty acid composition was determined on the polar lipids
fraction. Lipids were hydrolyzed in NaOH/methanol, methylated
using BF; as a catalyst, and the individual fatty acids were
determined by integration of the peak areas obtained by GLC
separation according to procedures similar to (11).

RESULTS

Figure 1 shows the effect of temperature on the motion of spin
label I15, 1) intercalated into liposomes of polar lipids from 45 and
20°C-grown oleander plants. The motion is expressed as 7o and is
inversely related to the relative viscosity of the lipid bilayer (24).
For any measurement temperature, tumbling motion of the probe
is faster in the lipids from plants grown at the lower temperatures
than in those from plants grown at the higher temperature. In
addition, a change in the temperature coefficient of motion, which
is indicative of a change in the molecular ordering of the host
lipids, was observed at 7°C for the lipids from the 45°C/32°C-
grown plants and at —3°C for the lipids from the 20°C/15°C-
grown plants. A change in the separation of the hyperfine extrema
of ESR spectra as a function of temperature (using the probe
Laz, 3, Fig. 2) was detected at 29°C with lipids from the plant
grown at the high temperature indicating a change in the ordering
of the acyl chains of these lipids at this temperature. A similar
change was observed at about 33°C with lipids from plants grown
at the lower temperature.

The fluorescence polarization ratio of trans-parinaric in the
phospholipids as a function of temperature is shown in Figure 3.
A slope change was observed at 7 and —3°C for the lipids from
warm- and cool-grown plants, respectively. These coincide with
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F1G. 1. The effect of temperature on the motion of the spin label Iis, 10,
associated with polar lipids from N. oleander. Sample temperature was
increased at the rate of 0.5°C/min. The data were analyzed by regression
analysis and the change in the temperature coefficient of motion for the
45/32°C grown plants (O, left axis) at 7°C and for the 20/15°C grown
plants (@, right axis) at —3°C represents the intersection of two straight
lines which give a minimum for the sum of the residual sums of squares
of the two lines (for details see Pollard [13]).
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F1G. 2. The change in the separation of the hyperfine extrema (2Ty) for
Ilu2, 3 in the polar lipids of the 45/32°C (O, left axis) and 20/15°C (@,
right axis) grown plants as a function of temperature. The intersect of the
two straight lines was determined as described in Figure 1.

the lower temperature change detected with the ESR probes. In
the lipids from the warm-grown plants, the polarization ratio
reached a maximum at about —7°C; measurements were not
continued to temperatures low enough to observe if a maximum
occurred with the lipids of the cool-grown plant. Figure 4 shows
plots of fluorescence intensity (with the polarizers parallel) as a
function of temperature. Changes in slope were observed at 6 and
—3°C for the lipids from warm- and cool-grown plants respec-
tively.

The proportion of unsaturated fatty acids in the polar lipids
increased in the plants grown at the lower temperature (Table I).
The greatest changes occurred in oleic (Cis:1) and linolenic (Cis:3)
acids.
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F1G. 3. Fluorescence polarization ratio of trans-parinaric acid associ-
ated with phospholipids from N. oleander. Lipids were prepared and
fluorescence measured as described in the text. The polarization ratio is
defined as Ij/I, (fluorescence intensity with emission polarizer oriented
parallel and perpendicular, respectively, to the polarized excitation beam).
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F1G. 4. Fluorescence intensity of trans-parinaric acid associated with

phospholipids from N. oleander. The intensity was measured with the
emission polarizer oriented parallel to the polarized excitation beam (Iy).

Table 1. Fatty Acid Composition of Total Polar Lipids From Leaves of
Nerium oleander Grown at 20/15°C or 45/32°C
All data are the mean of three determinations on single polar lipid
samples; 0 = +0.05 X mol %.

Growth Fatty Acid
Temperature CIG:O ClG:l C18:0 CIS:I C18:2 CI8:3
°C mol %
20/15 16.0 0.8 22 37 137 63.2
45/32 19.0 1.0 4.7 11.2 16.3 47.8
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DISCUSSION

Interpretation of temperature-induced changes in the molecular
ordering of membrane lipids in terms of a lipid phase transition
is based on studies using binary mixtures of phospholipids and
relatively simple bacterial membrane systems (7, 22). In these
systems, a transition with lateral phase separation occurs when a
lipid mixture in the fluid phase is cooled. The beginning of this
transition has been denoted T}, and its completion at some lower
temperature, denoted T, (27). Between Ty and T, the membrane
lipids are a mixture of solid and fluid phase lipids (27). Successive
changes in the temperature coefficient for spin label motion occur
in membrane lipids of rat liver mitochondria (19) and these have
been interpreted in terms of the phase boundaries Tyand T, which
were observed with mixtures of phospholipids or with bacterial
membrane systems (22, 27). This interpretation has also been
applied to studies of spin label motion in the more complex lipid
mixtures of plant membranes (18). If, as was previously assumed
(18, 19), the first change in temperature coefficient for spin label
motion as the temperature is lowered, Tj corresponds to the
initiation of phase separation, and the second change, T, to the
completion of the solidification process then the polar lipids of
warm- and cool-grown oleander plants should be mostly solid
below 7 and —3°C respectively (Fig. 1).

On the basis of the fluorescence polarization changes (Fig. 3)
there is reason to question the above assignment of Ty and T, in
plant membrane lipids. Studies of model lipid systems with trans-
parinaric acid indicate that this probe is sensitive to the formation
of a few percent solid in a lipid mixture (26). The polarization
ratio in a fluid lipid system is 1.4 to 1.5 and in a mostly solid lipid
system is 2.2 to 2.6 (26). The polarization ratio of oleander
phospholipids at temperatures above about 10°C is less than 1.6
(Fig. 3), indicating little or no solid phase lipid is present above
this temperature. The increase in polarization ratio, which begins
at 7 and —3°C as the temperature is lowered (Fig. 3), is thus
interpreted as indicative of the formation of domains of solid
phase lipid as the temperature declines. Thus, Ty is 7 and —3°C
for the lipid preparations from the high and low temperature-
grown oleander plants, respectively. The spin probe II (5, 10)
showed this transition at the same temperatures (Fig. 1). However,
as noted above, this point would previously have been interpreted
as T,, the completion rather than the initiation of a transition.

The temperature for the completion of the solidification process
T, was not determined for these lipid preparations. Trans-parinaric
reaches its maximum fluorescence polarization with about 50% of
ordered lipid in model systems (26). Thus, while the polarization
ratio of the probe in phospholipids from leaves of plants grown at
45°C appears to have peaked by —10°C (Fig. 3), it is not likely
that the phase transition was complete at this temperature. Motion
of methyl stearate-type spin labels is severely restricted at these
low temperatures, and it is also not possible to use this method to
determine the temperature for completion of lipid solidification.

The spin probe I (12.3) indicated temperature-induced changes
in the molecular ordering of polar lipids at temperatures well
above the temperature for the initiation of the transition, T, (Fig.
2). In other studies of plant lipids, such changes in molecular
order have been detected at temperatures between 25 and 35°C
(15, 18). With oleander lipids this change was detected at 29°C in
warm-grown plants and at 33°C in cool-grown plants. Fluores-
cence measurements showed no indication of phase separation at
these temperatures. The physical change indicated by the spin
label at these high temperatures is not known. If it is a transition
involving solid phase lipids, the quantity of lipid must be very
small (<5%), inasmuch as there was no change in the polarization
ratio of trans-parinaric acid and it would appear to be independent
of the transition which begins at the lower temperature (7 or
—3°C). Sklar er al. (26), found that trans-parinaric acid detected
some changes in structural order at temperatures 10°C or more
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above that of T in model lipid systems, and they suggest that this
may be due to clustering of immiscible lipids (26). Furthermore,
clustering is reported to occur in vesicles of phosphatidylcholine
containing unsaturated fatty acids at temperatures above the
liquid-gel transition temperature (6).

Interpretation of results obtained with both the spin and fluo-
rescent probes provides a new insight into the phase properties of
plant lipids. Major solidification of membrane lipids does not
begin to occur in the leaf polar lipids of N. oleander plants until
7 or —3°C, depending upon growth conditions. This solidification
was detected with spin label probes using preparations that con-
tained the total polar lipids of the leaves (mostly galacto- and
phospholipids) and with the fluorescence probe using only the
phospholipids of the lipid extracts. Using the phospholipids with
the spin label probes we found similar transition temperatures
(data not shown) but the transitions were more distinct than
shown in Figure 1. The presence of pigments in the total polar
lipid fraction interferred with use of the fluorescent probe with
this fraction. The similar values of 7; determined with these
preparations may indicate that properties of the phospholipids
determine the phase separation temperature of these membrane
lipids. "

pTh<=: phase separation temperatures determined for membrane
lipids of high- and low-temperature-grown oleander leaves are
similar to the minimum summer and winter temperatures which
these plants would experience in their natural habitat. The possible
consequences of exposing N. oleander to temperatures below the
temperature of the phase separation have not been examined. In
studies with other plants, physiological events such as changes in
the activation energy of succinate oxidation by mitochondria (14,
18) or NADP" photoreduction by chloroplasts (23), have previ-
ously been correlated with this lower change, now interpreted as
T;. It has been suggested that this change in lipids marks the lower
temperature limit for normal physiological performance of the
plant (8). Apparently, some features of membrane performance in
higher plants are lost when phase separation begins (15).

The lipids of the cool-grown oleander are more fluid (ie. 7o
less) at any temperature, than those of the warm-grown plants
(Fig. 1). The temperature at which the same fluidity is reached in
the two preparations differs by about 8°C degrees. That is, the
fluidity of the lipids of the high-temperature-grown plants at 18°C
is similar to that of lipids from the low-temperature-grown plant
at 10°C. The changes in Ty and influidity are not as large as the
change in growth temperature (25°C day/17°C night). While this
partial compensation is in contrast to the complete adaptation to
fluidity seen with bacterial membranes (24), it nevertheless cor-
relates with the physiological adaptation of oleander leaves.
Warm-grown oleander plants suffer irreversible inhibition of pho-
tosynthesis at temperatures about 10°C higher than cool-grown
plants; at 53°C and at 43°C, respectively (17). The spin label 11
(5, 10) was used to probe the fluidity of chloroplast membrane
polar lipids. Over the temperature range 35 to 55°C the lipids
from cool-grown plants were more fluid (16), and the fluidity of
the two preparations was approximately equal at the correspond-
ing temperatures for denaturation of the intact membranes: 53
and 43°C (17). This finding indicates a possible regulatory role of
membrane lipids in the adaptation of plants to contrasting thermal
regimes (1, 2).

Shifts in the physical properites of membrane lipids can result
from changes in the chain length or unsaturation of fatty acids or
in head group composition of the complex lipids (3). We have yet
to explore all possibilities, but the increase in the proportion of
the more unsaturated fatty acids in cool-grown plants (Table I) is
consistent with the lower transition temperature (Figs. 1 and 4) of
the lipids of these plants. This result, however, does not imply that
a change in transition temperature necessarily correlates with a
change in fatty acid composition of the bulk membrane lipids (1).
In terms of properties pertinent to the adaptation of plants to their
thermal habitat, direct measurements of the physical properties of
membrane lipids could be more informative than extrapolations
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based on lipid chemical composition. The probe trans-parinaric
acid would seem to be well suited for such measurements.

Acknowledgments—We thank Dr. R. Simoni for the gift of parinaric acid and
acknowledge his helpful discussion, and we thank Prof. S. Boxer and Prof. R. Holm
of the Chemistry Department, Stanford University. for access to the Varian E112
ESR spectrometer used in these studies.

LITERATURE CITED

. ARMOND PA, MR BADGER. O B3ORKMAN 1978 Characteristics of the photosyn-
thetic apparatus developed under different thermal growth regimes. /n G
Akoyunoglou. JH Argyroudi-Akoyunoglou. eds. Chloroplast Development.
Elsevier/North-Holland Biomedical Press. Amsterdam, pp 857-862
2. BJ6RKMAN O, MR BADGER, PA ARMOND 1978 Thermal acclimation of photo-
synthesis: effect of growth temperature on photosynthetic characteristics and
components of the photosynthetic apparatus in Nerium oleander. Carnegie Inst
Wash Year Book 77: 262-276
3. CHAPMAN D 1973 Some recent studies of lipids. lipid-cholesterol and membrane
systems. In D Chapman. DFM Wallach. eds, Biological Membranes. Vol 2.
Academic Press. New York, pp 91-144
4. FoLcn J, M Lees, GH SLOANE-STANLEY 1957 A simple method for the isolation
and purification of total lipids from animal tissues. J Biol Chem 226: 497-509
5. KEana JFW, SB Keana, D BEETHAM 1968 A new versatile ketone spin label. J
Am Chem Soc 89: 3055-3156
6. LEe A, NJ BirDsaLL, JC MeDcALFE. PA TooN, GB WaRrreN 1974 Clusters in
lipid bilayers and the interpretation of thermal effects in biological membranes.
Biochemistry 13: 3699-3705
7. LinpeN CD. KL WriGHT. HM McConneLL, CF Fox 1973 Lateral phase
separations in membrane lipids and the mechanism of sugar transport in
Escherichia coli. Proc Natl Acad Sci USA 70: 2271-2275
8. Lyons JM 1973 Chilling injury in plants. Annu Rev Plant Physiol 24: 445-466
9. MooNEY HA, O BjorkMAN, GJ CoLrLaTz 1978 Photosynthetic acclimation to
temperature in the desert shrub Larrea divaricata. 1. Carbon dioxide exchange
characteristics of intact leaves. Plant Physiol 61: 406-410
. OHklI K. R Kasar, Y Nozowa 1979 Correlation between fluidity and fatty acid
composition of phospholipid species in Tetrohymena pyreformis during tem-
perature acclimation. Biochim Biophys Acta 558: 273-281
11, PEARCY RW 1978 Effect of growth temperature on the fatty acid composition of
the leaf lipids in Atriplex lentiformis (Torr) Wats. Plant Physiol 61: 484-486
12. PearcY RW, JA BErrY. DC Fork 1977 Effects of growth temperature on the
thermal stability of the photosynthetic apparatus of Atriplex lentiformis (Torr)
Wats. Plant Physiol 59: 873-878
13. PoLLArRD JH 1977 A Handbook of Numerical and Statistical Techniques. Cam-
bridge. Cambridge University Press
. Raison JK 1974 A biochemical explanation of low-temperature stress in tropical
and sub-tropical plants. R Soc NZ Bull 12: 487-497
15. RaisoN JK 1980 Membrane lipids: structure and function. /n PK Stumpf. ed.
Biochemistry of Plants. Vol 4. Academic Press. New York. pp 57-83
. RaisoN JK, JA Berry 1978 The physical properties of membrane lipids in
relation to the adaptation of higher plants and algae to contrasting thermal
regimes. Carnegie Inst Wash Year Book 77: 276-282
17. Raison JK, JA BERRY. PA ArRMOND, CS Pike 1980 Membrane properties in
relation to the adaptation of plants to high and low temperature stress. /n P
Kramer, N Turner. eds. Adaptations of Plants to Water and High Temperature
Stress. Wiley/Interscience. New York. pp 261-273
. RarsoN JK, EA CHAPMAN 1976 Membrane phase changes in chilling-sensitive
Vigna radiata and their significance to growth. Aust J Plant Physiol 3: 291-299
. RaisoN JK, EJ MCMURCHIE 1974 Two temperature-induced changes in mito-
chondrial membranes detected by spin labeling and enzyme kinetics. Biochim
Biophys Acta 363: 135-140

RoBerTs JKM. JA BERRY 1980 The changes in thylakoid acyl lipid composition
of Nerium oleander accompanying acclimation to high temperature. Carnegie
Inst Wash Year Book 79: 147-150

SACKMANN E, H TRAUBLE, HJ GALL, P OVERATH 1973 Lateral diffusion. protein
mobility and phase transitions in Escherichia coli membranes. A spin label
study. Biochemistry 12: 5360-5369

SHiMsHICK EJ, HM McCONNELL 1974 Lateral phase separation in phospholipid
membranes. Biochemistry 12: 2351-2360

SHNEYOUR A, JK RAISON, R SMILLIE 1973 The effect of temperature on the rate
of photosynthetic electron transfer in chloroplasts of chilling-sensitive and
chilling-resistant plants. Biochim Biophys Acta 292: 152-161

SINENSKY M 1974 Homeoviscous adaptation --A homeostatic process that regu-
lates the viscosity of membrane lipids in Escherichia coli. Proc Natl Acad Sci
USA 71: 522-525

SkLaR LA, BS HupsoN, RD SiMoNI 1975 Conjugated polyene fatty acids as
membrane probes: preliminary characterization. Proc Natl Acad Sci USA 72:
1649-1653

SKkLAR LA, GP MiLianicH, EA DraTz 1979 Phospholipid lateral phase separa-
tion and the partition of cis-parinaric acid and trans-parinaric acid among
aqueous, solid lipid, and fluid lipid phases. Biochemistry 18: 1707-1716

Wu SH. HM McCONNELL 1975 Phase separations in phospholipid membranes.
Biochemistry 14: 847-854

20.

21

22.

23.

24.

25.

26.

27.



