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Free fatty acids accumulate in the membranes of plant cells following several lethal emironmenlal stresses, and their
accumulation has been correlated with the appearance of gel phase domains, 1 micr y, and enh d
leakage of cytoplasmic solutes Saturated and unsaturated free fatty acids which accumulate as a result of phospholipd
de-esterification have been shown previously to have distinctly different effects on the phase properties of ecomplex lipid
mixtures In the simple model membrane composed of dipalmitoylphosphatidylchotine (DPPC), the presence of free
fatty acid, sodium palmitate or linoleate, enhanced leakage of trapped carboxyfuorescein at temperatures below the
phase mransition of pure DPPC, 41°C. In the case of sodium linoleate, this was accompanied by a broadening of the
phase transition which agreed well with the enl ¥ leakage. H , in the case of sodium palmitate, the phase
transition was shifted upwards and broadened, which did not explan the enhanced leakage at low temperatures. The
increased leakage in this latter case was shown by resonance energy transfer to be the result of vesicle fusion, Thus, the
presence of relatively low concentrations of saturated free fatty acid in the nlayer, enhanced leakoge, altered the phase
properhies and promoted aggregation and fusion of vesicles, which 1s consistent with the symptoms of stress injury in

plant membrates

Introduction

Plant cell membranes are directly altered by a vanety
of environmental stresses including freezing [1-4], des-
ccanon [5), anoxia [6,7), air poliutants [8] and seed
aging [9] In many of these cases the plasmalemma 1s
thought to be the prnmary site affected by the stress {3),
but the nature of thus effect has remained elusive A
range of responses have heen abserved which are com-
mon to all of these stresses, and suggest seme degree of
stmulanty 1n the nature of the damage These include an
mcreased leakage of cytoplasmuc solutes, a general de-
gradation of membrane compon nts, the formation of
osmophilic {presumably Lipud) bodies n electron micro-
graphs, the appearance of IMP-free membrane areas
and hexagonal phases m freeze-fraciure micrographs,
the appearance of gel phase domams in X-ray diffrac-

Abbrevianons IMP, intramembrane parucle, CF, carboxyiluorescein
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uon patterns, and a general increase in mecroviscossty of
the bilayer as shown using the fluorescent probe, DPH
Although not as extensively documented as the above
physical changes, the only substanuial change m the
lyprd composition of mucresomal membranes from plant
cells 15 the presence of elevated levels of free fatty acids

Since the composition of tius free fatty acid fraction
1s simular to that of the total membrane fatty acids, and
snee their accumulation comcides with of loss of hpid-
phosphorus [2,5,8], it has been suggested that the free
fatty acids anse from deestenfication reactions 1 the
membrane leading to the loss of the phosphate contain-
ing head group into the aqueous medium and the reten-
tion of the acyl chams in the bilayer §10,11)

Under conditions of normal cellular metabolism, en-
zymes such as Lipoxygenase mught be expected to
catabohze the free fatty acids and effectively remove
them from the bilayer However, in plant tissves frozen
at subzero temperatures, dred to below 20% moisture,
or encased 1 a sheet of ice. normal metabolism does
nol occuer, and the tree fatty acids may accumulate 1o
the pomt of disrupting membrane funchion {11]

UUS-2736,/89 7503 50 © 1989 Elsevier Science Publishers BV (Biomedical Division)



It has not been esfablished whether the accumulation
of a complex muxture of free fatty acids n a plant cell
membrane can account for all of the membrane dys-
funetion observed foilowing stress, or whether there are
alternative processes involved The addiuon of [ree fatly
acids 1o liposomes composed of complex hipid muxtures
can simulate the changes 10 phase properties and micro-
viscosity observed following desiccation stress. but the
saturated and unsaturated free fatty acids acted m 2
disunctly different manner [12] The addition of
saturated free fatly acids, palmmtate and stearate, to
hposomes prepared from the total hpid extract from
microsomal membranes of soybean seeds mcreased the
gel to higqud-crystaline phase transition temperature
and increased microviscosity, as determened by wide-an-
gle X-ray diffraction and fluorescence depolarization,
respectively Conversely, the addiion of the unsaturated
free fatty acds, olec, linoleic, and hnolemc, did not
mfluence the X-ray determined phase transition and
decreased mucrowvisvosity (1€, increased fhudity) A
rmuxture of both types as observed mn plant membranes.
largely followed the effect of the saturated free fatty
acids

The objective of the present study was to characterize
the interaction of two free fatty acids, palmitate and
linoleate, with a well charactenzed phosphobipid, DPPC,
in the fully hydrated bilayer A related study [13],
describes the effects of free fatty acds on membrane
properties in the dry state which might be expected to
occur m nature duning desiccation or freezing of plants

Materials and Methods

Leakage of trapped carboxyfluorescen  Umlamellar
vesicles of DPPC (Avanti Polar Lipnds, Bunuengham,
AL} were formed mn the presence of purified 5,6-carbo-
xyfluorescein (CF) by somcation in at bath sonuwator
{Lab Industnes, Hicksville, NY) at 55°C The suspen-
ston was passed through a Sephadex G-50 fine column
to remove the CF outside the vesicles Alquots (10-20
21} of the samples were dispersed n 2 5 ml of 10 mM
Tes buifer (pH 7 5), m a temperature controlled cel and
fluorescence readings were taken through the tempera-
ture ranges shown 1n the figures. Fluosesceace was
measured using a Perkin Etmer LS-5 spectrofluorometer
wath excitation at 460 nm and emission at 53¢ nm At
the end of the temperature scan, the vesiles were lysed
by the addinon of 20 ul of 2% (v/v) Toton X-1006 and
the final fluorescence was read The retention of CF at
any teroperature was cateulated as
‘% retention = %

L

»x 100

where F, 15 the mmnal fluorescence before the tempera-
ture scan, K, 1s the fluorescence reading at any tempera-
ture, and F; 15 the final fluorescence after the tempera-
ture scan and lysis,
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Infrared spectroscopy Muliilamellar vesicles of DPPC
with the additton of vanous concentrations of sodwam
pzlmtate or sodium hnoleate (Sigma Chemucal Co , St
Lows, MO} were formed by drying 10 mg muxtures of
the lipids trom chloroform followed by lgh vacuum
overmight The saumples were hydrated with 300 pl of
water at approx 35°C and vortexed to a2 umferm
suspension In some expenments umlamellar vesicles
werg prepared by hath somcating the above suspension
to clanty Infrared specira were taken with a Perkn-
Elmer Founer transform mfrared (FTIR) spectrometer
(Model 1750) and data were acquired and analyzed with
a Perkuin-Elmer 7500 data station using Perkan-Elmer
software Each spectrum s the average of 10 scans over
the infrared regron 2100 cm™' to 900 em™? at each
temperature Specira were taken at approx 3 C° mnter-
vals from 28 to 55°C The regrons of mterest 1n the
spectra were exiracted, converted to abscrbance and
expanded by a suftware rouune to enhance the signifi-
cant peaks The gel to hiquid-crystalline phase transition
was momtored by shifts in the CH, symmetnc and
asymmetne stretch at 2850 and 2923 cm ?, respectwvely

Resonance energy transfer These studhes were con-
ducted essenlially as previously descnbed [14-16]) The
donor probe cholesters] anthracene-9-carboxylate
(CAYC) was obtained from Molecular Probes Inc,
Eugene, OR. and the acceptor probe 7-miro-Z-oxa-1,3-
diazole phosphaudylethanclamme (NBD-PE)} was ob-
tamed from Avanti Polar Lipids Birmingham, AL Both
were mamntamed m stock solutions m chloroform at
—20°C Donor and acceptor iposomes were made by
adding 2 mol% of CAYC or NBD-PE to 20 mg of DPPC
i chloroform and drying under a stream of mitrogen
The hpds were resolubihzed to a known concentration
with chloroform and an aliquot was removed from both
donor and acceptor tubes 1nd combined m a third tube
to produce mock-fused hpd Afl samples were redned
wiath mtrogen followed by vacuum, rehydrated with 10
mM Tes bulfer, and bath somcated to form sinalt
umlameliar hposomes Lipid miung between aliquots of
donor and acceptor hposomes as a result of changes in
temperature was deterrined by the relative amount of
quenching of the donor fluorescence Zero probe inter-
mixing was determuned by unquenched donor fluores-
cence and 100% probe mntermuxing was determned by
the donor fluorescence of the mock-fused vesicles Donor
and acceptor hiposomes were mixed 1 a temperature
controlled fluorometer cell and fluorescence was re-
corded dunng a temperature scan using @ Ferki Elmer
LS-5 with excitation at 370 nm and egussion at 450 nm

Results amdd Discussion
Leakage studies

Retention of CF inside DPPC umalamellar vesicles
was used as an indicator of the relauve effects of
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Fig 1 Leakage and rate of leakage of trapped carboxyfluerescemn

from somcated vesicles of DPPC as a function of temperaluic

Cumulatve leakage (a) and rate of leakage (W) were calculated from
separate axpeniments

patmitate and hinoleate on the permeability and integr-
1ty of the lipid bilayer as 1t 15 taken through s thermo-
tropic phase transiion In somcated DPPC liposomes,
leakage of CF increased sharply between 38 and 42°C
untit approx 50% of the ongmnally trapped CF was
released (Fig 1) In a separate experment, soncated
DPFC vesicles were taken to a prescnibed temperature
and held there for up to 30 mun while fluorescence
readings were taken at short mtervals At any particular
temperature, the rate of leakage was constant over the
30 mun penod These data (Fig 1) show that the rate of
leaknge as well as the total leakage mcrease sharply at
the onset of the thermotropic phase transion and that
the rate of leakage falls sharply ai the end of the
transiton  From the beginming to the end of the phase
transttion, both the rate and the cumulative leakage
parallel each other Since 1t 15 far more convenient to
measure cumulative leakage than rate of leakage, we
used the former values as a measure of phase transitions
0 subsequent expenments

Addmon of 22 mol% palmtate 1o DPPC vesicles
had a mummal effect on this leakage, although 1t did
increase the total amount leaked (Fig. 1) However,
addition of 65 mol% palmitate mcreased leakage of
trapped CF at temperatures as low as 27°C, by 41°C
all of the trapped CF had leaked (Fig. 2A) On the other
hand. addition of sodium linoleate broadened the tem-
perature range over which the leakage occurred without
changing the midpoint of the transition (Fig 2B)

Infrared spectroscopy

These changes 1n the temperature profile for the
leakage of trapped CF at first suggested that the gel to
hqud-crystalbne phase transition of DPPC which typi-
cally occars at 41°C [17] had been shufted to lower
temperatbres by the inclusion of sodium palmtate or
broadened shghtly by the inclusion of sodium hinoleate
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Fig. 2 Leakage of trapped carboxyfluorescemn from somcated vesicles
of DPPC and DPPC with the addition of free fatty acids as the
vesicles are taken through a temperature scan (A) Sodwm palmitate
at molar concentraton 15 of 0% (B) 22% (a) and 65% (® (B)
Sodium linoleate at molar conrcentraton 15 of 0 (W) and 5% (O}

This assumption was not confirmed using FTIR to
follow the shufts 10 wavenumber of the symmetnc and
asymmetric streich of the CH,, groups of the acyl chains
as the Liposomes underwent ther thermotropic phase
transition

Umlamellar vesicles of DPPC, without the addition
of any free fatty acid, exhubited a transition at approx.
38°C as shown by the shifi in wavenumber from 2850
to 2853 cm~! (Fig 3) Sumilarly, the CH, asymmetnic
stretch shufted from 2919 1o 2923 cm™" over the same
narrow temperature range (Fig 3) In multlamellar
vesicles, the gel to hquid-crystaline transition 1s sharper
and at somewhat higher temperature (41°C, Fig 4)
Above and below the transition m both multilamellar
and unitamellar vesicles, there were no changes in the
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Fig 3 A senes of infrared absorption specira of sonicated vesicles of
pure DPPC at vanous temperatures The spectral region shown m-
cludes the symmetnc CH, stretch at 2850 cm™" and the asymmeinc
CH,, strelch a1 2920 cm™' As the DPPC goes through its gel to
hquad {hine phase these bands 1ncrease m wavenum-
ber, broaden shghtly, and the peak height ratios change These shfts
¢an be used to follow the phuse transiion
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Fig 4 Plase transiuons of pure DPPC multlamellar veswcles and
DPFPC vesicles made with the inclusion of free fatty acids (A) Sodium
palrutate at molar concentrations of 0% (W), 2% (a} 5% (@), and 10%
{*) (B) Sodwm linoleate at molar concenirations of 0% (@) 2% 1a)
and 5% !D) Phase transiions were determuned from shifis i the
wavenumber of the symmetnic CH; stretch The addition of palmitate
broadens Lhe transiion and shafts the transibon temperatare cpwards
wiale Lineleate broadens the transiion shghtly without affecting the
rudpoint of the transiuon

wavenumber of the CH; stretches, and scans were very
reproducible (e g, Fig 3)

Addition of increasing amounts of sodium palmtate
to multdlamellar vesicles of DPPC broadened the phase
transition and wicreased the mudpoint temperature (Fig.
4A) Sodim hnoleate, on the other hand, only shghtly
broadened the transition and the mudpomt of the transi-
tion remained at 41°C (Fig 4B) In unidamellar vesicles
broadening of the phase transition occurred [18] (Fig
5) In addiuon, an merease 1n the transition temperature
due to the additzon of 5% palmiutate was scen tn the
untlamellar vesicles as well as mululamellar vesicles
(Fig 5)

Thus, the results from both the leakage expenments
and FTIR suggest that sodium linoleate acts as a simple
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Fig 5 Phase transitions of somcated vesicles of DPPC (W) and DPPC
with exther 5 mel% sod pal (&) or sod hnoleate (@) The
transition 15 broadened due to the changes i packing brought about
by the change from multilamellar to undamell les. The p

of 5% palmitaie also causes an upward sfuft in the phase transiion
temperawre

159

Relotive Danor Proebe Flucrescence

m s\%

Tcmneruture C)

Fig 6 Probe intermoung measured by resonance energy ransfer
which estimates aggregation and fusion of vesictes as a funchion of
temperatute  Decreased relative donor probe fluorescence mdicates
mereased probe intermuung. The addiwon of 5 (a) or 10 (@) mol®
sodium palmitate 1o the vesicles greatly sncreasss aggregation and
fusion of vesicler The apparent sharp decrease of probe intermming
at the phase 1ransion is al nbuted to greater mobihity of the probes
which leads to an aporent decrease in therr proxmty in the bilayer

umpunty wm: the DPPC vesicles and shghtly broadens the
thermotropic gel to hqmd-crystaline phase transittons
(Figs 1B, 3B) On the other hand the effects of sodium
palm:tate on the DPPC bilayer cannot be so easily
explained As shown in Fig 4A, sodium palmate both
broadens the phase transinon of DPPC and causes a
sigmficant increase m the transiion temperature to
above 41°C, while CF leakage from DPPC vesicles
begins severzl degrees below the beginming of the phase
transition when the bilayer is in gel phase (Fig 2A)

Vesicle fusion

An alternative explanation for the enhanced leakage
below the phase transiion of DPPC promoted by
sodium palmutate 15 that this free fatty acid is fusigenic
and that part of the trapped CF was lost dunng vesicle
fusion While fusion can occur withowt leakage of ves-
tcle contents, leakage 13 4 common result of this event
[19] Resonance energy trans{er was used as a means of
estimating the amount of aggregation and fusien among
the DPPC vesicles A decrease n relative doror fluores-
cence occurs when the donor and acceptor probes
located n separate populations of the liposomes are
brought 1nto close proximuty dunng aggregation and
fusion of the vesicles (Fig. 6} As the temperature of the
pure DPPC vesicles was inereased ahove 26° C, flnores-
cence slowly decreased, indicating that the vesicles were
aggregaung and possibly fusing. As the temperature
approached the gel to hiqmd-crystalline transition, fluo-
rescence markedly mncreased We suggest that this sn-
creased fluorescence n the domor as the hpids pass
through their thermotroptc transtiton 15 due 10 the fol-
lowing At the transiion temperature, the mobility of
the donor and acceptor probes m the bilayer would be
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expecied to mncrease as fludity nises As a result, their
distnbution becomes maore random, and their apparent
proximuty decreases It 15 interesting to note in passing
that this dramatic change 1n fluorescence of the donor
probe can n 1tself be used to inchcate the phase transi-
tion As the temperature was mcreased beyond the
transiion, fluorescence decreased again, at a preater
rate than before, suggesting increasing aggregation and
fuston of the vesicles Addition of 5 and 10 mol%
sodium palmitate altered both the extent of aggregation
and fusion when compared to pure DPPC vesicles and
also shifted the phase transtion temperature of the
vesicles cortaiung palmitate If the sharp upward break
1n the fluorescence temperature profile i1s taken as the
phase transiion, addibon of 5 mol% palmuate in-
creased the apparent onsct of the transition from 39 to
42°C whuch s mm agreement with the FTIR results (cf
Fig 4A) The extent dbf aggregation and fusion was
wchcated by the value of the relative donor fluorescence
at a given temperature As the temperature was m-
creased from 26°C the dechne in fluorescence was
more pronounced 1n those vesicles contarmng sodium
palrutate, and at 33°C there was a substantial increase
1n the rate and extent of aggregation and fusion of these
vesicles

Conclusions

Different free fatty acids apparenily alter the physi-
cal properties of a phosphohmd tilayer in different
ways For example, linoleate acts as an impunty m
multilamellar and somcated vesicles of DPPC, and
broadens the phase transition In contrast, a second free
fatty acid palmutate, has much more strikung effects on
DPPC vesicles. cansing, m additton to a sigmficant
broadenmg of the gel to hquid-crystalline phase trans.-
tion, an increase 1n the transition temperature Thes
increase . transition temperature indicates that the
palimtate has a ngidifying effect on the DPPC ilayer,
probably by increasing van der Waals mteractions be-
tween the acyl chains of the DPPC and the palmiate
In addition, the presence of the palmutate increases the
apparent aggregation and fusion of DPPC vesicles, both
below and above the phase transition temperature This
fusion 15 reflected by increased leakape of a wapped
solute at all temperatures Thus, 1 thus simple model

Iipid system, many of the physical changes observed n
the cell membranes from environmentally stressed pianis
can be ehcited by the inclusion of increased free fatty
acids in the oilayer
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