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Free fatty nods accumulate in the membranes of plant cells following several lethal environmental stresses, and their 
accumulation has been correlatetl with the appearance of gel phase domains, mere~m~d m|erovlseostty, and enhad~ed 
leakage of cytoplasmic solutes Saturated and unsaturated free fatty acids which aceemulate as a result of phospholiptd 
de-esterlfication have been shOWn lwevlously to have distlnetly different effects on the phase properties of comple,~ lipid 
mixtures In the simple model membra~ composed of dipaheitoyll~osphatldylchollne (DPPC), the presence of free 
fatty acul, sodium palmilme or llnMeate, enhanced leakage of trapped earboxyfluorescein at temperatures below the 
phase transiuon of pure DPPC, 41°C. In the ease of sodium linoleate, this was accompanied by a broadening of the 
phase transtfion which agreed well wRh the enhm~ed leakage. However, in the ~ase of sodium palmttate, the phase 
transition was shifted upwards and broadem.d, which did not ex#am the enhanced leakage at low temperattax-& The 
inereas~ leakage in this latter case was shown by resonance energy transfer to be the result of vesicle fusion. Thus, the 
presence of rdativdy low concentrations of saturated free fatty acid in the bdayer, enhanced leakage, altered the phase 
prol~rUes and promoted a~gregation and fusmn of vesicles, which is consistent ruth the symptoms of stress injury in 
plant membranes 

Introduction 

Plant cell membranes are dlreotly altered by a vanety 
of emnronmeutal stresses including freezang [1-4], des- 
location [fi]~ anoxta [6,7], air pollutants [8] and seed 
aging [9] In many of these cases the plasma]erama ts 
thought to be the primary stt¢ affected by the s i res  ~3], 
but the nature of this effect has remmned elustve A 
range of responses have been observed which are com- 
mon to all of these stresses, and suggest some degree of 
strmlanty in the nature of the damage The~¢ include an 
increased leakage of cytoplasrm¢ solutes, a general de- 
gradatton of membrane compo~; nt.., the formation of 
osrmophihc (presumably hptd) bodies m electron m~cro- 
graphs, the appearance of IMP-free membrane areas 
and hegagonal phases m freeze-fracture rmcrographs, 
the appearance of gel phase domains m X-ray dfffrac- 
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uon patterns, and a genera] increase in mwrovL~OSRy of 
the hilayer as shown ustr~ the fluorescent probe, DPH 
Although not as exlemlvely documented as the above 
physical changes, the only substanual change in the 
Iliad composmon of nucrosomal mcmbran¢~ from plant 
cells ts the presence of elevated levels of free fatty nods 

Smce the compomtton of tb.m free fatty actd fraction 
is sanmlar to that of the total membrane fatty aetds, and 
since their aeeumulatton coincides wtth of loss of hpld- 
phosphorus [2,5,8], tt has been suggested that the free 
fatty acids arise from deestenfteation roauUons in the 
membrane leading to the loss of the phosphate eontmn- 
mg head group into the aqueous medium and the reten- 
tion of the acyl chains m the bflaye, [10,11] 

Under condtttons of normal cellular metabohsm, en- 
zymes such as hpoxygcnase rmght be expected to 
catabohze the free fatty acids and ef[e~tl,,ely remove 
them from the bdayer However, m plant tissues frozen 
at subzero temperatures, dned to below 20~ moisture, 
or encased in a sheet of ice. normal raetabohsm does 
not occur, and the tree fatty actds may accumulate to 
the point of dzsruptmg me, mbranc function [11] 

Dl~slon) 
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It has not been esfabhshed whether the accumulation 
of a complex tmxture of free fatty acids m a plant cell 
membrane can account for all of the membrane dys- 
function observed followmg stress, or whether there are 
alternative processes involved The addttt0n of free fatty 
aods to hposomes composed of complex lipid rmxtures 
can mmulate the changes in phase properties and m~cro- 
vlSCOStty observed following demccauon stress, but the 
saturated and unsaturated free fatty actds acted m a 
dtstmctlv different manner [12] The add, lion of 
saturated free fatty actds, palnutate and stearate, to 
hposomes prepared from the total lipid egtraet from 
macrosomal membranes of soybean seeds increased the 
gel to hqmd-erystallme phase transmon temperature 
and mereased rmerovtseostty, as deterrmned by wide-an- 
#e X-ray thffraetton and fluorescence depolartzataon, 
rasp¢cuvely Conver.~ely, the addmon of the unsaturated 
free fatty acids, olete, hnoleac, and hnolemc, thd not 
influence the X-ray determined phase transition and 
de.re'eased rmerova~ostty ( re .  increased flmdlty) 
mmture of both type~ as observed m plant membranes, 
largely followed the effect of the saturated free fatty 
acids 

Tke objecave of the present study was to characterize 
the mteraett0n of two free fatty acids, palrmtate and 
hnoleate, v~th a well charactenzed phosph0hptd, DPPC, 
m the fully hydrated bflayer A related study [13L 
descnbes the effects of free fatty acids on membrane 
properttes in the dry state wbaeh taught be expected to 
occur m nature dunng desmcatton or free-aug of plants 

M a ~ i a l s  and MetlaO~ 

Leakage of trapped carboxyfluorescem Omlam¢llat 
vemeles of DPPC (Avantl Polar Llptds, Btrrmngham, 
AL) were formed m the presence of putafled 5,6-earbo- 
xyfluore~em (CF) by somealaon m at bath somtator 
(Lab Industries, Hicksville, NY) at 55 °C The suspen- 
sion was passed through a Sephadex G-50 fine column 
to remove the CF outside the vesteles Ahquots (10-20 
/d) of the samples were dispersed in 2 5 ml of 10 mM 
Tes buffer (pH 7 5), m a temperature tontrolled cell and 
fluorescence readings were taken through the tempera- 
tare ranges shown m the figures. Fluorescence was 
measur~l using a Perlan Elmer LS-5 sp¢ctrofluorometer 
wtth ~tatatton at 460 nm and en,ass~on at 550 am At 
the end of the temperature scan, the vesicles were ly~d 
by the addmon of 20 p.I of 2~ (v/v) Triton X-100 and 
the hnal fluore~ence was read The retention of CF at 
any temperature was calculated as 

F,, -/~, 
reI©nuon -- ~ × 100 

where F~ ts the amttal fluorescence before the tempera- 
ture scan. F~ Js the fluorescence reading at any tempera- 
ture, and Ff Is the final fluorescence after the tempera- 
ture scan and lysts, 

tnfraredspectros~op~ Mulldamellar vesicles of DPPC 
with the addition of ~anous concentrations of sodium 
palrmtate or sodium lmoleate (Sigma Chemical Co, St 
Lomq, Me) ~ere formed by drying 10 mg mixtures of 
the hptds from chloroform followed by high vacuum 
overn,ght The s.mples were h)drated vmh 300 pl of 
water at appro,~ 55°C and vortexed to a uniform 
suspeasmn In some experiments umlamellar vesteles 
were prepared by bath someatmg the above suspension 
to clantv Infrared spee, ra were taken vath a Perkan- 
Elmer Founer transform infrared (FTIR) spectrometer 
(Model 17501 and data were acquired and analyzed w~th 
a Perkan-Elmer 7500 data star,on usm$ Perlun-Elm~.r 
softy, are Each spectrum ~s the average of lb scans over 
the infrared region 3000 em -t to 900 em -~ at each 
temperature Spectra were taken at approx 3 Co inter- 
vals from 28 to 55°C The reg~on~ of interest m the 
spectra were extracted, converted to absorbanee and 
expanded by a software rtmtme to eah,~uat.e the ~lgtllfl- 
cant peaks The gel to I,quzd-c~stalhne phase transmon 
was momtored by slufts m the CH 2 symmetric and 
asymmetric stretch at 2850 and 2923 em x respectively 

Resonance energy transfer These studies were con- 
ducted essentially as previously described [14-16] The 
donor probe cholester31 anthraeene-9-earboxylate 
(CAgC) was obtained from Molecular Probes inc, 
Eugene, OR. and the accepter probe %n,tro-2.-oxa-l,3- 
dlazol¢ phosphandytethanolarmne (NBD-PE) was ob- 
tauted from Avantt Polar LIplds Birmingham, AL Both 
were mmntamed m stock soluhons m chloroform at 
- 2 0 ° C  Donor and accepter hpo~omes were made by 
adding 2 mol,% of CAgC or NBD-PE to 20 mg of DPPC 
in chloroform and drying under a stream of mtrogen 
The hpads were re-solubihzed to a known concentration 
with chloroform and an ahquot was removed from both 
donor and accepter tubes and combined m a thard tube 
tO produce mock-fused hptd All samples were redned 
wath mtrogen followed b) vacuum, rehydrated with I0 
mM Tea buffer, and bath someated to form small 
umlamellar hposomes Ltp,d maxmg between allquots of 
donor and accepter hposomes as a result of changes m 
temperature was detern'nned by the relative amount of 
quendung of the donor fluorescence Zero probe mter- 
tRiglng was deterrmncd by unquenched donor fluOres- 
cence and 100'~ probe mtermtxmg was deterrmned by 
the donor fluorescence of the mock-fused vesicles Donor 
and accepter hposomes were maxed m a temperature 
controlled fluorometer cell and fluore.seeaee was r6,- 
corded dunng a tcml~r~tttre scan using a Perlon Elmer 
LS-5 with excitation at 370 nm and ermsston at 450 nm 

Resu l t s  and D t s c u s s m n  

Leakage stud~e~ 
Rettmtton of CF mude DPPC umlamellar vesicles 

was used as an re&cater of the relative effect~ of 
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F=8 ] Leakage and rate of leakage of trapped carhoxyfluorescem 
f rom homcatcd v~cles of  D P P C  as a funcUoa of  tempera ture  
C~mulatlV¢ leakage (&) and  rate of Ir.a.kage oa} were calculated f rom 

separate ~xperlments 
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F~g, 2 Leakage el" trapped carboxyfluo~sce'a~ from somcated vestc~ 
of DPPC and DPPC wtlh the addmon of free fatty acids as the 
v¢$1¢1¢.$ ate taken through a tenaperature scan (A) Sodzum palrmtatc 
at molar e~aeemraUoa ts of Of= {m) 2 2f~ (A) and 65~ (ml (B) 

Sodium Imoleate at molar coacentrat:tm zs of 0 (=t) and 5~ (~) 

palmltate and hnoleate on the permeab~ty and mtegr- 
try of the hpzd bdaycr as tt is taken through, its thermo- 
troptc phase lransmon In somcated DPPC hposomes, 
leakage of CF mcreased shaiply between 38 and 42°C 
untd approx 50% of the ongmally trapped CF was 
released (F~g 1) In a separate experiment, someatecl 
DPPC vesicles were taken to a prescnbed temperature 
and held there for up to 30 nnn wlalc fluorescence 
readings were taken at short intervals At any parttcular 
temperature, the rate of leakage was constant over the 
30 nan period These data (Rg 1) show that the rate of 
leakage as well as the total leakage increase sharply at 
the onset of the thermotroptc phase transm0n and that 
the rate of leakage fails sharply at the end of the 
transmon From the begmmng to the end of the phase 
tranmtton, both the rate and the cumulattve leakage 
parallel each other .qmce ~t ts far more convenient to 
measure camulauve leakage than rate of leakage, we 
used the former values as a measure of phase transtUons 
in subsequent expenmcms 

AddlltOR el 2 2 mo l t  pairmtate to DPPC vesicles 
had a muumal effect on thts leakage, although ~t dad 
merease the total amount leaked (Fgg. 2) However, 
addmon of 6 5 mo l t  pahmtate increased leakage of 
trapped CF at temperatures as low as 27°C, by 41°C 
all of the trapped CF had leaked (Fig r 2A) On the other 
hand, add]Oon of sodmm lmoteate broadmxe.d the t~m- 
perature range over which the leakage occurred wtthout 
changing the nadpomt of the transmon (Ftg 2B) 

Infrared spectroscopy 
These changes an the temperature profde for the 

leakage of trapped CF at first suggested that the gel to 
hqmd-crystallm¢ phase tranauon of DPPC which typl- 
catty occurs at 41=C [17] had been shafted to lower 
temperatures by the mcluston of sodmm palrmtate or 
broadened shghtly by the melusmn of sodmm hnoleate 

Th~ assumption v, as not confmmed usm 8 FI ' IR to 
foUow the slufts m wavenumber of the symmetric and 
asymmemc stretch of the CH~ groups of the aeyl chains 
as the hp0s0me~ underwent their thennotroptc phase 
transition 

Unflamellax vemoles o f  DPPC, wtthout the addat,on 
of any free fatty acid, exhtbttcd a transttlon at approx. 
38°C as shown by the slaft m wavenumber from 2950 
to 2853 cm - t  (Ftg 3) Stmdarly, the CH2 asymmetric 
stretch shifted from 2919 to 2923 cat -= over the same 
narrow temperature range (Ft s 3) In mululamellar 
vcstclcs, the [FI to hqmd-crystallme transtUon ~. sharper 
and at somewhat lugher temperature (41°C. Fig 4) 
Above and below the t~ansltion m both multilamdtar 
and umlamellar vesicles, there were no changes m the 

Son:eaEed Vesicles 

,~0 

0 

Wave Nuznber. tin - j  

Fig 3 A sone~ of infrared sb~orptlon spe~Im of so.gated v~icles of 
pure DP]~C at  venous  temperatures The sp~-~za] r e d a n  shovm ~-  
dud~ the syzrenetnc CH;= stretch at 2850 cm -l and the ~ y ~ m c  
CH 2 slzelch at 2~20 cm - t  As the DPPC goes through zts 8¢1 to 
hqmd-cr~stalhne phase ttamztwn, tEe~c bands mc~e.a~ m wavenum- 
ber, broaden ~b~Jltly, and the peak height raUos chanKc Th¢~c slurs 

¢~'l b~ u~cxl Io fofio~ t t~ p h u ~  t rmlblhon 
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F~g 4 Phase l ransmons of pure  DPPC mulzdamcllar  v~s~cles and 
DPPC vesscles made ruth the mcluszon of free [att~ acids (A) Sodium 
palmztate at molar  oorioenlrataom of  0 ~  {11~,, 2 ~  (a,) ~ tO), and 10% 
( * )  (B) Sodaum lmoleate at molar  canceairatmns of  0% (11) 2~  1,~) 
and 5~ re) Phase traasa:ons were de.maned from sh~fis m Ibe 
wavenumt~r  of  the symmetr ic  C H  2 s~etch The addltlOll o f  palrmtate 
broadens  the t r amdJon  and shifts the transttton temperature upwards 
wtale tmoleate broadens the nansRlon  6hshtly without affecting the 

mldposnt of the trarmmort 

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

Addataon of increasing amounts of sodtum palmatate 
to multdamellar vesicles of DPPC broadened the phase 
tran=tton and merca~d the nudpomt temperature (F~g. 
4A) Sodmm lmoleate, on the other hand, only shghtly 
broadened the transttton and the tmdpomt of the tranm- 
teen remained at 41~C (F~g 4B) In undamellar v~s~eles 
broadening of the phase transttt0n <x:¢ur~ed [18] (F~g 
5) In addtuon, an mere~e m the transmon temperature 
due to the addttaon of 55~ pahmtate was seen m the 
ttmlamellar vemcl~s as well as muhdamellar vesicles 
(F~  5) 

Thus. the results from both the leakage expenments 
and FTIR suggest that SOdlum lmoleate acts as a sunple 
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Fig 5 Phe.se ttansltto~ of someated resides of DPPC (11) and DPPC 
w=th rather 5 mol~ ~lmm palmatam I")  or sod=am Imoleate (0) The 
tran=tton ts broadomx:l due to the changes m pae.ka~ b~ugb.t about 
by the change fxom mu.]tala.meUar to ,,.d..,-<.n~ vesicles. The prer, enoe 
of 5~ palmatalc also c.,au~s an upward ~tfft m the pha~ tranSlll0n 
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Fig 6 Probe interrnt~n[,  rrtea~otc~l by tx:sonaa¢¢ energy transfer 
which ~$111rlat~ aggregat ion and fusion or  ves~c~te ,., ~ it iurtchon of  
temperature Decreased relative donor  pruhe fluorc~ceruee mdm-zte.~ 
mere0tsed probe mtermtxang. 7;he addit ion of 5 (&) or  10 (0)  molq~ 
sodlxort paltratat¢ to the vesl~l~ greatlv inLreas~,~ .tggre'y~atlon and 
fuMvn of  ~esac]e~ The  apparent  sharp  decrease of  probe intermt~nl~ 
at the ph;~5~ I ransmon as al rlbuU:d to ~rea~ter rfi4Jblhl~" of the probes 
v.luch leads to an apo t eem det, re2..~ lit their promrmt~, m the belayer 

Impurity tn tht. DPPC ~esicles and shghtly broadens the 
thermotropm gel to hqmd-erystalhne phase transtuons 
(Figs IB, 3B) On the other hand the effects of sodium 
palnmate on the DPPC bflayer cannot be so easily 
exploaned As shown m Fig 4A, sodium pahmtate both 
broadens the phase transmon of DPPC and eau~e~ a 
sxgmficant increase m the transahnn temperature to 
above 41~C, wMle CF leakage from DPPC vesicles 
begins several deodees below the hegmmng of the phase 
trans|tton when the bllayer is m gel phase (Fig 2A) 

Ve..vtcle fusion 
An ahernatwe explanallon for the enhanced leakage 

below the phase transluon of DPPC promoted by 
sodium palrmtate ts that tins free fatty acid ts fuslgemc 
and that part of the trapped CF was lost dunng vesicle 
lumen Wlmle fusion cab occur without leakage of veS- 
icle contents, le,.~kdge is d common result of tins event 
[19] Resonance energy transfer was used as a means of 
estimating the amount of aggregation and fusion among 
the DPPC vesacles A decrease m relaUve donor fluores- 
cence occurs when the donor and acceptor probes 
located m separate populaUons of the hposomes are 
brought into close prommtty dunng aggrcgatton and 
fuston of the vestcles (Fig. 6) As the temperature of the 
pure DPPC Ve~lcl~ was mereased above 26°C, fluores- 
cence slowly decreased, mdacatmg that the vesicles were 
aggregating and possibly fusing. As the temperature 
approached the gel to hqmd-erystalhne transallon, fluo- 
rescence markedly increased We suggest that this m- 
creased fluorescence in the dec, or as the hpids pass 
through their thermotroptc trall$1RolI lS due to the [ol- 
lowing A t  the trans|tton temperature, the mobthty of 
the donor and a~ceptor probes m the bflaver would be 
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expecled to increase as flu:dJty nse~ As a result, thetr 
d~stnbut,on becomes more random, and thetr apparent 
proximity decreases It ts interesting to note m passing 
that flus dramauc change m fluorescence of the donor 
probe can m ttself be used to mdmate the phase transt- 
tton As the temperature was increased beyond the 
transztzon, fluorescence decreased again, at a greater 
rate than before, suggesting mareasmg aggregatton and 
fusion of the vesicles Addition of 5 and 10 mol% 
sodmm pa[tmtate altered both the extent of aggregaUon 
and fus,on when compared to pure DPPC re.tales and 
al~o shafted the phase transmou temperature of the 
~,esicles cortaimng palm,tote If the sharp upward break 
m the fluorescence temperature prohle ts taken as the 
phase transition, addmon of 5 reel% pMtratate m- 
creased the apparent onset of the transmou from 39 to 
42 ° C whtch ts m agreement vath the FTIR results (cf 
Fig 4A) The extent bf aggregatwn and fuston was 
mdtcated by the value of the relattve donor fluorescence 
at a given temperature As the tempexaturc was m- 
creased from 26°C the dechne m fluorescence was 
more pronounced in those vesmles containing sodium 
palrrntate, and at 33°C there was a substantml increase 
m the rate and cxtent of aggregauon and fusion of these 
vesicles 

Conclusions 

Different free fatty acids apparently alter the physi- 
cal properues of a phosphohptd bflayer m different 
ways For example, hnoleate acts as an tmpunty m 
multdamellar and somcated vesicles of DPPC, and 
broadens the phase transztmn In contrast, a second free 
fatty acid palnutate, has much more stnkang effects on 
DPPC vesicles, causing, m addtuon to a stg_mftcant 
broddvmng of the gel to hqmd-crysttflhne phase transt- 
tlon, an increase in the transmon temperature Tlus 
increase m transttton temperature mdtcates that the 

palnntate has a ngtdifymg effect on the DPPC bllayer. 
probably by increasing van der Wools mteracttons be- 
tween the acy[ chmns of the DPPC and the palnutate 
In addmon, the presence of the pakmtate increases the 
apparent aggregatmn and fuston of DPPC vestcles, both 
below and above the phase transmon temperature Thts 
fus,on is reflected by increased leakage of a trapped 
solute at all temperatures Thus. m thts simple mode[ 

hptd system, many of the physical changes observed m 
the cell membranes from environ mentally stressed #an t s  
can be ehe,ted by the inclusion of increased free fatty 
acids in the oflayer 
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