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C~tured c~ck f i b m ~  ~pplemented ~ ~ e ~ i c  ~cid ~ ~ e  a ~ e n ~  ~ ~ m m  ~ 37°C degener~e and 
die ~ contra~ ~ cells ~own ~ 41°C which appe~ normfl in ¢ o m p a ~ n  ~ th  con~o~  Tbe~ de~n~rati~ 
e ~ t s  ~ 37°C ~ e  alledated by ~ f i o n  ~ stearate-containing mesa ~ ~tty a~ds known ~ f l ~ z e  
b i l~e~ .  The~  obviat ions  m g ~  ~ cell de~nerat~n ~ 37°C may ~v~ve  f l ~ f i o m  ~ ~ e  phyficfl 
state ~ ~ e  mem~an~ Fatty ~ anflyfis d ~ m a  membrane obt~ned ~om s t e ~ p p l e m e n t e d  cd~  
de~ly  demomtrat~ the enrichment ~ t~s fatty ~ spe~es ~to  ~layer phosph~i~d~ Moreove~ the 
extent of enrichment ~ fimi~r ~ cells ~own at both 37 and 41°C S ~ e  enrichment at ~ther 
~ m p e ~  does n ~  appe~ ~ ~ r  ~gn~cantly memb~ne c h ~ m l  ~ pol~ H~d co~enL ~ u o ~ e ~ e  
a ~ o ~  memu~mems ~ r  p e ~ n e  and diphenylhexa~iene incorpor~ed in~  s ~ a ~ n f i c h e d  mem- 
branes revefls chants  suggestive of d~reased bilker fluidiC. Moreove~ anflyfis d ~ m p e m ~  depen- 
den~ d probe a~so~opy ~ c ~  ~ a f i m i l a ~  ~ ~ y ~  f l ~  e x ~  betw~n ste~ate-enriched 
membran~ ~ 41°C and c o n ~  mem~an~ ~ 37°C Cflo~me~c da~ f ~ m  lipo~mes prepaid from pol~ 
~ is~ated from the~ memb~n~ ~ o w  fimi~r melting prof~e~ c o m ~  ~ ~ e  above H~d and 
fluorescen~ anflyse~ A~henim ~ of ~ ~ n d c h e d  membrane ~ucose ~ a n s p o ~  function revefls 
b~aks wh~h c~ncide ~ ~ e  m~n endo~erm d ~ e  pu~ phosphoHpid ph~e ~anfifio~ ~ c a f i n g  ~ e  
~ d ~  d ~ e  transpo~er ~ &~ ~anfificn w ~  is v n d e t ~ e  ~ the~ nati~ b i l~e~ .  T h e e  da~ 
sugge~ the e~s~nce  d ~ o n s  ~ b i l ~  H~d m ~ m h e ~ m ~ n e i ~  wh~h ~ f ~ t  i n ~ f l  e~yme functio~ 
cell homeostas~ and vfabili~. 

Modification of eukaryot~ cell membrane fatty 
a d d  compofition was first r eposed  by Moskowi~ 
[1]; in this s tud~ saturated fatty a~d  enrichment 

* To whom co~pondence shoed be addressed at: Depa~- 
ment of Me~on~ U~verfi~ of Connecticut H e ~  Cen~L 
Farmingm~ CT 0603Z U.~A. 

at 37 o C was r eposed  to result in cellular degene~ 
afion and death. Degenerative changes accompa- 
nying s~urated fatty add  supplementation have 
more recently been observed by Baker [2], Gordon 
[3], and Doi et ~.  [4]. The prokaryote A c h o & -  

p l a s m a  la id lawi i  exhibi~ a fimilar response to 
saturated fa~y a o d  enrichment [5]. In this latter 
sys~m there is e~dence that ~ r e d  ( N a ÷ +  
Mg2÷)-ATPase activity [~ potentiates call death. 

In experiments invest~afing the rdationship 
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between bihyer fluidity and call ~ansformation 
with a ~mperatur~senfitive mutant of Rous 
sarcoma ~ru~ it was observed that cells supple- 
mented with ~earic add degenerated at 37°C, yet 
profiferated normally at 41°C [2]. I n ~ r e s t i n ~  
the senfitifity of the sys~m to changes of only 
4°C in growth ~mperature is not without prece- 
dent. M~ntenance of homeostatic po~nti~ and 
viability of A. laidlawii was shown to be senfitive 
to changes of a fin~e carbon in ac~ c h i n  length 
and exhibRs fimilar growth ~mperature depen- 
dence [7]. 

Saturated faay addAnduced cell degeneration 
was in~rpre~d initi~ly as b~ng due lo ' ~ e  fatty 
add to~dty'  [1,3]. Co~da~d with this apparent 
to~dty was the reported presence of deft-like 
dilatations within the cytoplasm of enriched cells. 
These clefts were thought to be t r i a c ~ y c e r ~  
crystals which m e c h a n i c ~  rupture cellular mem- 
branes resulting in cell death. More recent data 
confli~ with this in~rpretatio~ and suggest rather 
that the clefts are a r t i f a ~  probably rda~d to 
routine cell fixation procedures ( C h e s ~  D.W. 
and Tou~ellotte, M.E., unpubfished observationS. 
Thus, s~arate-induced cell death ~ not due to 
'toxi~ty' and mechanic~ rupture of the cell. An 
~ r n a f i v e  explanation f d a , s  this phenomena to 
saturated fatty acid enrichment of membrane 
phospholipids and subsequent effects on bilayer 
phy~c~ state. 

There ~ clear evidence that the phy~c~ state of 
the bi~yer affec~ membrane enzyme function. 
Sinensky et ~. [8] and Engdhard et ~. [9] have 
demon~ra~d that the bas~ and fluoride-stimu- 
lated a~i~fies of aden~ate cydase increase as 
membranes become more cry~alline. Conve~d~ 
the acfi~fies cf the (Na + + K+kATPase in L cells 
[10] and (Na + + MgZ+~ATPase of A. laidlawii [6] 
were reposed to be inhibi~d by increased b~ayer 
crystallinity. Glucose ~anspo~er function in the 
rat adipocy~ has ~so been shown to be sen~tive 
to membrane fluid state changes [11,12]. 

The purpose of this study is to examine the 
co,clarion b~ween the cell growth ~mperature 
dependence and saturated fatty add enrichment 
of chick embryo f ibrobla~ focu~ng on the 
phy~c~ sta~ and function of the membrane as 
they relate to s~arat~enriched cell growth at 37 
and 41°C. Data presen~d ~ o n ~ y  sugge~ the 

e ~ e n c e  of ~ o n s  of ~ d  m i ~ e ~ f f  
~ th in  the b~ayer which affect in teg~  enzyme 
function and, ~ t i m a ~  c ~  phyfiology and ~ 
brow. 

Materifls and Methods 

Mon~ay~ cuRures of secondary chicken em- 
bryo fibroblasts wen used ~ ~1 experimen~ (em- 
bryon~ed eggs for cell preparation obt~ned from 
Spafas, Inc., Norwich, CT). Cells w~e grown in 
Ea~Cs minim~ e~enti~ media (Grand I~and 
B i ~ o ~ c ~  Co.) sup~emen~d with 5% newbcrn 
c~f serum (Grant I~and Bi~o~c~s Co.) and 
~cub~e& prior to supp~mentation, ~ 37 ° C un- 
der standard growth conditions of 5% CO~ and 
100% humi~ty. Penicilfin and suepwmydn w~e 
added to the mesa  at a fin~ concentration of 50 
U / m l  each. At appro~mately 50-60% con- 
fluency, the growth medium was replaced by sup- 
p~men~tion me~um, d~cribed bdow, and cells 
r~ncuba~d at ~ther 37 or 41°C. C~tu~s  were 
examined p e r i o d ~  to assess f ~  add enrich- 
ment ~ s  on celldar grow~ characteristics. 

Bovine serum a~um~-fat ty  add co~ugatio~ 
Sterile 10% lipid-poor fraction V bo~ne serum 
~bumin (Mil~ L~boratofi~, Inc.) was p~pared 
in Ea~Cs b~anced s ~  minus CaCl 2 (pH 7.4). 
The defired fat~ add (An~ab~ Inc.L in Ohan~, 
was added to a r a ~ y  stirring sdution of ~- 
~umin warmed to 56°C ~ d ~ n g  a fin~ fatff add 
c o n c e n t r ~ n  of 0.8 mg/ml. Compl~e binding of 
f~ty  add under ~mi~r con~tions has been con- 
firmed by f l u o ~ e n c e  p~arization s ~  on 
pafinafic add binding [13]. 

Supplementation me'urn.  Supp~mentation me- 
dium was prepared by ad&ng 25 ml of fatff 
add-~bumin per fiter of me&a to obt~n a fin~ 
~ t ~  add concentration of 70 #M. T~s me~um 
was fu~h~ supplemen~d with 2 #g /ml  d~thio- 
biotin (Nation~ B~chem. Corp.L an ~hi~tor  of 
de novo ~ t ~  a~d synthefis. In cas~ of du~ fip~ 
supplementation, a~u~men~ were made in the 
~spective ~ t f f  aod ad~tions to m~nt~n ~- 
bumin concen~afions constant throughout. 

Grow~ c u ~ .  In an effort to count o~y the 
1Ne cell popdatio~ mon~yers  w~e ~ n e d  5 
min at 37°C with 0.25% trypan b~e prepared in 
p h o s p h ~ b u f f ~ e d  s~in~ M o n d a y , s  were 



washed with saline, ~ghfly trypsinized with 0.1% 
tryp~n, 0.5 mM EDTA, salin~ (pH 7.4), and 
counted with a hemocy tom~ .  

Membrane ~oMaon procedures. Cell mon~ayers 
were washed with warmed saline (pH 7.~, ~raped 
from the c~ tu~  dish with a rubber pM~eman, 
and po~ed at 4°C. All subsequent s~ps were 
carried out at 4°C. Cells were pell~ed at 600 × g 
for 6 min and r~uspended in 10 mM Tfis-HC1 
(pH 7.~/250 mM sucro~/50 mM KC1/2 mM 
MgC12/1 mM CaC12 used for nuclear stabi~za- 
tion. Cell disruption was performed by ~ o g e n  
ca~tation at 300 ~ / i n  2 and 15 min pr~equil~ra- 
tion in a cell &sruption bomb (Parr In~rument 
Co., Molin~ IL). Na2EDTA (pH 7.1) was added 
to the ~sate to a finM concentration of 5 mM. The 
lysa~ was ~f~rentially centrifuged u~ng the p~o- 
cedure outlined by Bu~amon~ et M. [1~ f idd~g  
both crude mitochondfiM and mi~osomM pdMts 
w~ch were subsequently r~uspended in a small 
v~ume of 10 mM Tris-HC1 (pH 7.4)/200 mM 
man~tol /70 mM sucro~/~5 mg/ml bo~ne 
serum ~bumin ~esuspen~on buffe0. Crude fra~ 
fions were My~ed on 10-40% Ficoll 400 (Phav 
m a d e / 5  mM TrivHC1 (pH 7.8)/1 mM MgC12 
gradients contMning an ad~tionM 10% Ficoll 
cushion and centrifuged at 53 000 × g for 2 h. The 
~Mated membrane subfractions were pell~ed at 
100000 × g for 60 min and ~suspended in resus- 
pennon b u f ~  Afiquots w~e q~ck frozen in solid 
CO2/ac~one and stored at - 7 0 ° C  prior to use. 

Enzyme assays. 5'-Nucleotida~ (EC 3.1.3.5) was 
assayed by a mo~ficm~n of the m~hod of Avruch 
and Wallach [15] as a plasma membrane mark~. 
The assay sys~m, a finM vMume ~f 1 ml, was 
~omposed of 50 mM Tfis-HCI (pH El) / f f18 ~M 
MgC12/40 ~g membrane proteim and reaction 
inifimed by the addition of 10 ~1 [3H]adeno~ne 
monophospha~ ~ #Ci/ml;  4 #Ci/~M). The ~- 
action mixture was incubated at 41 ° C for 45 min, 
~rminated with 0.2 ml of 0.25 M ZnSOa and 
subsequent~ ~ed. UnhydrMyzed [3H]AMP and 
protdn were predpitated with 0.2 ml of 0.25 M 
B~OH)2. The p r e d p i ~  was spun out and 0.7 ml 
of the supernatant counted for r a ~ o a c f i ~ .  

NADPH~ytochrome c reductase (EC 1.6.2.4) 
acfifity was measured as a microsomM marker by 
the method of Philfips and Langdon [16]. 

S u c c ~ c y t o c h r o m e  c reductase (EC 1 3 ~ O  
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was measured as a mitochondfi~ marker by the 
method of King [17]. 

Stereospecific o-~ucose ~anspon was mea- 
sured in membranes obt~ned from con~ol and 
18 : 0-enriched cells grown at 41°C by the method 
of Connell and Romano [18]. For these ~udies, 60 
~g crude microsom~ membrane protdn were in- 
cuba~d with 2 mM o-[~C]glucose and 2 mM 
L-[3H]glucose (each 10 ~Ci/#M) in a fin~ volume 
of 25 ~1 for periods of 0 to 60 s at ~mperatures 
ran~ng ~om 20 to 42°C, to estab~sh initi~ rates 
of ~ucose uptake. Transport was termina~d after 
appropriate incubation periods by adding 4.5 ml 
~ c o l d  Mop buffer cont~ning 10 mM Tris-HC1 
(pH 7.5), 0.8 M NaC1, and 0.1 mM phloretin (to 
prevent efflux). The reaction mixtures were im- 
mediately fil~red on membrane filters (Mflfipore 
HA, 25 mm, 0.45 ~m porosity) and washed with 
an addition~ 4.5 ml of ~ c o l d  stop b u f ~  Fikers 
were placed in 10 ml sdntilhtion fluid [19] for 
double labd counting in a Packard Liquid Sdntil- 
lation Spec~om~e~ Resul~ were c~culated as 
nmol D-~ucose minus nmol ~-glucose (correction 
for adsorption and ~mp~ diffu~on) per min. 

Proton assay. Membrane protein was de- 
termined by the m~hod of Lowry ~ ~. [20] u~ng 
serum ~bumin as standard. 

Lipid ana~sis. Subcellular membranes and 
whole cell ~pids were extracted with 50-100 
volumes cf chloroform/methanol (2: 1, v/v). 
Phases were split by the addition of 0.58% NaC1 
according to Folch et ~. [21]. Polar and non-polar 
fipids were separated by ~n~e dimen~on thin- 
layer chromatography (TLC) ag~n~ authentic 
phosphofipid standards (An~abO with chloro- 
form/  m~hanol /  water (65:25:4, v/v) or sde~ 
fivdy du~d  off silicic add columns by increased 
solvent polarity. Phospholipids were van~e~efi- 
fled in 6.5% HaSO~/dry m~hanol at 100°C for 
60 min. Meth~ esters were TLC purified ag~nst 
authentic m~h~  ester standards (An~abO with 
peVoleum es~r /d ie th~ ether (90 : 10, v/v) as de- 
veloping solvent and separated by GLC isother- 
mally at 180°C on polar cyano~cone SP-2330 
columns (Supdco). 

Tot~ choles~rol was measured colorimetrically 
by a modification of the choles~r~ o~dase (EC 
1.1.3.6) assay described by Hdder and Boy~t ~ .  
Briefly, 0.1 ml of 1% Triton X-100 in ethanol was 
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added to an aliquot of whole fipid extracL Sam- 
ples were dried under ni~ogen, 0.5 ml of 0.2 M 
NaCI added, the solution vo~exe& and 100 ~1 of 
the assay sys~m (0.125 U / m l  choles~rol o~- 
d~se/2.5 U / m l  peroxidase/5 mM 4-amino- 
antipyrene/15 mM phenol/~5% Triton X-100/5 
mM ch~a te /2  mM NAN3/50 mM phosphate 
buf~r (pH 7.0)) added. After vor~fing fightl~ the 
samples were incubated at 37°C for 30-60 min 
and absorbance was read at 500 nm. 

Total membrane phospholipid content was as- 
sayed colorim~ricMly by the micro-method of 
Barfleu [23]. 

Compo~tionM M~rations in membrane pho~ 
phat id~hanolamine (PE)/phosphafid~chofine 
(PC) ratios were determined as a function of rda- 
tive percent 3Zp in TLC spots as described by 
Qui#ey ~ M. [2~. In these experiments, medium 
was supplemen~d on secondary passage of the 
calls with 1.7 ~Ci /ml  32pO4-carrier free ortho- 
phosphate (New En#and NudeaO and mMn- 
tMned at this concentration throughout suppl~ 
mentafion. 24 h pos~supplementation at 37 cr 
41 ° C, calls were harves~d and plasma membranes 
prepared and extracted as described above except 
that a 10% Ficoll cushion replaced the finear 
gradients. Phospholipid spots were scraped and 
counted as were re~ons bdow, betweem and above 
spots to detect trMfing. 

A~ organic solven~ were redistilMd and #ass- 
ware was solvent washed prior to use. 

Fluorescence spec~oscopy. Two hydrophobic 
fluorophores, perylene and 1,6-diphenyl-l,3fi- 
hexatrien~ were used ~o examine membrane fluid 
charac~fisfic~ Tandem use of these two probes 
has been sugges~d by Shinitzky and Barenho~ 
[25]. 

Perylene fluorescence aniso~opy data were ob- 
t~ned by measuring the emission (474 nm) of 
plane polarized fight both paralld and perpendi~ 
ular to the exaltation beam (437 nm) in a 
Perkin-Elmer ~eries MPF-4) Fluorescence Spe~ 
trophotome~r equipped with a Lauda K 2 / R D  
temperature c o n ~  Plasma membranes sus- 
pended in buf~red s~ine (pH 7.4) were incubated 
with perylene at 42°C for 30 min to allow sta- 
bilization of fluorescence i n a n i t y  and re- 
equifibra~d to 25°C prior to ~otherm~ assay. 
When ~mperatur~dependent ~udies were carried 

out, samp~s were re-equihbra~d to 10°C and 
pohrization p a r a m e ~  measured at approxi- 
m a ~  2.5°C in~rv~s. An~yfis cf the ~mper~ 
ture dependence of fluorescence polarization gave 
no indication of hys~refis in up-sc~e/down-sc~e 
scans. 

Diphen~hexatriene fluorescence polarization 
p a r a m e ~  were measure& as with perylen~ using 
357 and 430 nm for exaltation and emission wave- 
~ngths, respectivd~ 

DifferenHal scanning calorim~ry. C~orim~ric 
measuremen~ were performed on both native 
membranes and isolated phospholipids ufing a 
Perkin-Elmer DSC II in an effort to discern the 
pofifion of the order-disorder phase ganfition rd- 
afive to fatty add supplementation and the ~m- 
perature dependence of ~earat~enfiched call 
growtE Native membranes were prepared as out- 
lined under 'Membrane ~olatioff above but were 
m~nt~ned as a pas~ for loading imo c~orim~er 
pans. h~a ted  phosphofipids, in chloroform, were 
thorough~ dried down under vacuum on a dean 
~ass slid~ transferred to c~orime~r pans, and 
totally hydrated in 50% ~h~ene ~ y c o l / w a ~  
Lipid verities were subsequently prepared in the 
pans by rapid heat~ool cyde~ Differenfi~ heat 
flow b~ween sample and reference pans was mea- 
sured u t i ~ n g  an equ~ mass of eth~ene ~yco l /  
water as a re~rence standard. 

R e s ~  

S ~ ~ - ~ t  ~ ~ a m ~  
G m w ~  of chick fibroblas~ sup~emen~d ~ t h  

stearate ( 1 8 : ~  was comp~ed ~ ~rum, 
e q ~ m ~  ~ ~  (18:0-18:1c, 70 ~M 
m t ~ ,  or ~ e ~  (18:1c) supp~mented conu~s 
c d ~ d  under ~entic~ con~tions at 37 or 41°C. 
Grow~ cu~es presented in ~g. 1 ~ t  the 
dramatic d i f ~ n c e  ~ g r ~  of 1 8 : ~ s u p ~  
m e m ~  c ~ s  ~ n  37 ~ d  41°C ~ ~ m p a f i ~ n  
~ co~r~s  at ~ ~ m p ~ u ~ .  This is ~ h ~  
demon~m~d ~ o ~ o ~ ~  in ~ .  2 and 
3. 

C ~ s  gown 18-24 h pos~supp~men~tion at 
37°C in 18 : ~ m ~ n g  me~um ~ n  m e ~ t  
alterations in m o ~ h ~ o ~  and g ro~h  charactefi~ 
fi~ (~g. 2~ which ~ t i m ~ d y  ~ s ~ t  ~ c ~  
degeneration and ~ u ~  (F~s. 2d and 3b). 
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Fi~  1. Growth curves of CEF's  supplemented at 37 or 41°C. 
Cells were supp~mented  as described in ' M a r r i e s  and Meth- 
odg  with: 5% newborn c~ f  serum (©, ~ or 70 #M  18:0  ( × ,  
• ), 18:1c  (a,  ~ and equimolar (70 # M  tot~) 18:0-18:1c  at 
3 7 ° C  (a). 

These changes are characterized by celldar swell- 
ing and rounded morph~ogy (Figs. 2c, 2d, and 
3b), &~enfion of the endoplasmic ret icdum (Fig. 
2~ arrow), cell surface bleb~ng (Fig. 2~ as~risk), 
cell sloughing, and subsequent decreased state of 
confluency (Fi~ 2d). At higher magnification, Fig. 
3 demon~ra~s  the ~fions described above for 
37°C supplemen~ as well as marked nuclear 
changes, including ~ss of nuclear det~l and 
nucleofi, h~erochromatin mar~nation, pyknofis, 
and karryorhe~s. In eontrasL fimihr supp~men~ 
grown at 41°C (Figs. 2b and 3b) prol i~ra~d to 
and m~nt~ned  a norm~ state of confluency and 
were in~s t ing~sha~e  from 18 : ~18 : 1~ 18 : 1¢ 
and serum contro~ at Other 37 and 41°C. The 
sfight h g  in growth phase of f a t~  add-supple- 
men~d cells, as compared with serum s u p ~  
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ments is ~so observed in cells grown in fipid-poor 
serum ~bumin-containing media and is therefore 
unrdated to the fatty add  supplement per se. 
Interpretation of the lag phase is difficulL ~nce 
cell growth was asynchronous. HoweveL Barnes 
and Sato [26] have demons~ated in several sys- 
tems, including chick fibroblasts, that the lag in 
growth rate under s e r u m ~  conditions is due to 
the absence of serum-supplied hormones. It is 
important to note that the cells in this study 
overcame the serum~ss condition, grew to, and 
maintained ~milar states of confluency and plate 
fife as observed with serum supplementation. 

The growth curves and degenerative changes 
a~odated  with 18 : 0 supplementation at 37°C are 
in good agreement with observations made in 
other sy~ems [13,4,27]. The temperature depen- 
dence of 18 : 0-enriched cell growt~ howeveL has 
not been prefiou~y reposed. Moreove~ the 
growth temperature dependence demon~rated 
heron is not pecufiar to these cell~ ~nce we have 
observed it in both MDBK and L-929 cells ~so 
(data not shown). 

Corrdative to 18:0Anduced effects on cell 
growt~ cells were supp~mented at 37°C with 
other fatty adds known to Other crystalfize or 
fluidize fipid bilayers. Supp~mentation with 
laurate (12:0) had no effect on cell growth, con- 
~stent with the data of Doi et ~. [~, demon~ra~ 
ing the hck  of incorporation of 12:0 into mem- 
brane phospholipid or effects on LM cell growth. 
However, supp~mentation with other saturated 
fatty adds; p~mitate (16:0), heptadecanoate 
(17 : 0), and nonadecanoa~ (19 : 0), resulted in 
graded degenerative changes ~milar to that ob- 
served with 18 :0  supplementation at 37°C. 
P~mitate had the least effect on cell growth and 
morphology, whereas 19:0 resul~d in rapid cell 
death at both 37 and 41°C. The effects of 19:0 
enrichment, espedally at 41°C, was ag~n indica- 
tive of the sen~tivity of the system to ~terations 
in brayer fluid state. E l~da~  (18:1t) and dihy- 
drosterculate (saturated fatty add,  oleate analog) 
supp~mentafion at 37°C resuRed in normal call 
growth indistinguishable from that of 18:1c at 
37°C. 

The above fatty adds were assessed as to thor  
abihty to prevent 18 : 0Anduced call death at 37°C. 
As expected, addition of 14 ~M 16:0 or 17:0 to 
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Fi R 3. ~ght mi~oscopy of 18:~supp~mented cells ~own 24 h at 37 (a) and 41°C ~ )  ~ n e d  with ~ d - O .  Cells were fixed at 
37°C wi~ 2% ~u~r~dehyde/ l% a ~ n / 1  mM CAC12/50 mM cacodyl~HCI  (pH 7.~. In recent ~ u ~  ( C h ~ L  D.W. and 
Tourtel~tte, unpublished observafio~ it w~  de~rmined cflofim~ricM~ Hat fll neu~M fi~ds w~e md~d  above 45°C. As a ~ s ~  
n e u ~  fip~s w~e ~ n e d  wi~ oil~ed-O ~ ~rop~ene ~3cd  ~ 50°C m fac~tate adequa~ dye incorporation. S ~ e d  neu~fl fi~d 
m both photomicrographs ~ ~ghligh~d with a~ow~ (b) is ~ c ~  of cont~l ce~s (18 : ~18 : lc, serum) grown at Other 37 or 41°C. 
Lefions ~enfified ~ (a) are charac~risfic of degen~afive changes o b e y e d  upon 18:0 s u p p ~ m e n t ~ n  at 37°C: deL d~tended 
endo~asmic ~ t~dum;  hm, h e ~ r o c h r o m ~  m ~ n a t i o n ;  k~ karyo~hefis (nuclear ~agmematio~; PL pyknosis (nude~ con- 
densafio~. Magnification, 1350 ×. 

56 ~M 18 : 0 did not effect a 'saving, while 18 : lc, 
18 : lt,  and dihydro~erculate prevented 18 : 0-in- 
duced degenerative changes (data not shown). The 
predictability of the above observations, as well as 

the correlations with the A. laidlawii system sug- 
gest that degeneration at 37°C is a function of 
altered membrane phyfical state. MoreoveL the 
fact that small concen~afions of unsaturated faay 

Fi R 2. Phase contrast pho~mi~oscopy of sup~emen~d cell grow~ ch~ac~risti~ at 37 and 41°C. (~ is representative of cells 
sup~ememed ~ 37°C with eq~molar (70 #M totfl) 18:0-18 : lc ~ r  48 h and characteristic of other comr~s used in t~s study. ~ )  
r e p ~ m s  70 #M 18:~sup~emen~d cells ~own 48 h ~ 41°C in comparison wi~ growth ~ 37 ~ r  24 h (c) ~nd 48 h (~.  A~ows 
and a~efisks ~ ~) ~ghlight ~ e n f i o n  of e n d o ~ m i c  ~t icdum and cd~sur~ce ~ e b ~ n ~  ~specfive~, ~s~ting ~om 18:0 
supp~men~fion ~ 37°C. Mag~fic~ion, 300×. 



390 

aods  are suffioent to prevent 18 :~ induced  cell 
death is confis~nt with the effec~ of r~fing 
growth ~ m p e r ~ u ~  o ~ y  4°C allowing normal 
growth. 

~nce  18:0-enriched cells grow normally at 
41°C, it was of i n ~ s t  to determine wh~her  
~wering incubation ~mperature of t h e e  cells, 
after grown to confluency at 41°C ~6  h pos~sup- 
p~mentation), wou~  ms~t  in al~rations in cell 
morph~ogy and function. In an effort to ~crease 
the r a~  at which degenerative chang~ could be 
observed, 1 8 : ~  and con~ol-supp~men~d cells 
were rdncuba~d  at 25°C and these ob~rvations 
d e m o n s ~ e d  ~ Fig. 4. Rdncubafion at 25 °C was 

assooa~d with a rapid onset of degenerative 
changes in 18 : 0-supp~mented cells as early as 1.5 
h after ~mperature d o w n , h i t .  These changes are 
highlighted by progres~on toward a more rounded 
morpholog~ decreased cell/cell  contact and sub- 
s~atum adhesion~ and sloughing, culminating in 
a decreased state of confluency. The severity and 
rapid onset of these changes in 18:0-enriched 
cells rdative to congols is ind~afive of al~rations 
in membrane permeability characteristics and loss 
of homeosta~s ~ading to cell lysis. 

Membrane structure 

Since it appears that bflayer physical state may 

Fig. & Phase contrast photomicroscopy of ~mperature down-s~fl experiment~ Calls were supp~men~d with 18 : 0 or 18 : 0-18 : lc at 
41°C for 96 h and subsequently shifted to 25°C. Represen~d are 18:0-18:1~ (a) and 18:0- (b) supplemen~d cells 5 h po~ 
~ m p e r ~ u ~  down-shi~. Note the rounded morph~ogy of 18:0-enriched cells as compared with ~ellate appearance of controls. 
Magnificafio~ 357 ×.  



be m e & a t i n g  the 1 8 : 0 q n d u c e d  degenerat ive  

change~  c o ~ d a f i o n  was sought  b ~ w e e n  mem- 
b rane  ~ r u ~ u r e  and  funct ion in r d a t i o n  to p h o ~  
pho l ip id  f a t ~  a d d  m o d i f i c m ~ n  and  the ~ m p e r ~  
ture dependence  of  18 : 0-enr iched cell g rowtE  To 
t ~ s  end, p l a sma  membranes  w ~ e  ~ d  ~ o m  
cells grown M bo th  ~ m p e r ~ u ~ s  and s u ~ e ~ e d  to 
biochemicM and ~ o p h y ~ c M  a n ~ y ~  R e s ~  
uMng p l a sma  m e m b ~ a n ~  are r e p o s e d  ~ t ~ s  s t u d ~  
~nce  e s ~ n t i a l l y  ~miMr  da t a  were obtMned from 
o ther  m e m b r a n e  subffact ions.  MoreoveL these 

da t a  are m o ~  r d e v a n t  to u n d e ~ n ~ n g  subse-  
quent  # u c o s e  t ranspor te r  data.  

The  ~ a s m a  m e m b r a n e  enr iched fract ion Myers 
on top of the 10% Ficol l  c u s ~ o n  in the g r a ~ e n t  
s y s ~ m  used and ~ therefore  easily separa ted  f rom 
o ther  s u b , a c t i o n s .  Marke r  enzyme da ta  i n ~ c M e  
t h ~  the 5 ~ n u d e o t i d a s e  a c t i f i ~  was diMributed 
mMnly ~ Ihe p l a s m a  m e m b r a n e  s u b , a c t i o n  with 
smal ler  amounts  pa r t i t ioned  throughout  the others.  
A p p r o ~ m m d y  one t ~ r d  of  the microsomM marke r  
ac t i~ ty ,  N A D P H ~ y t o c h r o m e  c reductase,  was as- 
socia ted  with t ~ s  f fact iom In a d ~ t i o m  o ~ y  9% of  
the s u c d n ~ c y t o c h r o m e  c reductase  a c t i ~  was 
found.  As s u c ~  the m e m b r a n e  p repa ra t ion  used in 
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lMs study,  w ~ e  ~ a s m ~  e x t ~ t  ~ m a ~ d  
~ ~ o m M  m e m b m n ~  ~ enr iched ~ ~ m a  
membrane .  

Membrane lipid analys~ 
M e m b r a n e  f a t ~  acid  da ta  were o b t ~ n e d  to 

a s c e ~ n  the extent  of  exogenous ~ t ~  a d d  en- 
r i chment  in to  TLC-puf i f i ed  phospho~pid .  P lasma  
m e m b r a n e  f a t ~  a d d  compof i t i on  ~ presented  in 
T a N e  I for cells s u p p l e m e n ~ d  with 70 # M  18 : ~ 
18 : 0-18 : lc ,  and  18 : l c  at 37 and  41°C. P lasma 
m e m b r a n e  ~ t ~  a d d  d ~ a  ~ o m  37°C  ~ r u m ~ u p -  
p l e m e n ~ d  cells is inc luded in t ~ s  m b ~  as a 
reference. S teara te  s u p ~ e m e n m t i o n  ~ s d ~ d  in in- 
creased m e m b r a n e  1 8 : 0  content  ~ o m  26 to 41%. 
Mos t  i m p o ~ a n f l ~  there was no f ignif icant  d i b  
~ r e n c e  in 18 : 0 enr ichment  as a r e s d t  of  the s ~ f i  
~ growth t e m p e r ~ u ~  from 37 to 41°C. Oleate  
content  decreased upon  1 8 : 0  enr ichment ,  w ~  
the ~ v d s  of  ~ther f ~ t y  a d d  s p e d e s  ~ m ~ n e d  
~ s e n t i a l l y  unchanged.  The overal l  changes in 
p h o s p h o l i ~ d  ~ a y  a d d  compof i t i on  are ~ f l e c ~ d  
in the s a t u r a ~ / u n s a t u r ~ e d  f a t ~  a d d  rat ios  p ~ -  
sented.  Oleate  supp lemen ta t ion  r e s d ~  ~ ~ v d s  of  
enr ichment  to 67% with subsequent  decreases in 

TABLE I 

PLASMA MEMBRANE PHOSPHOLIPID FATTY ACID COMPOSITION 

H~ma memb~n~ w~e ~dmed ~ d~cfibed ~ MMeriMs and M~hods ~om cells ~uppMmented wi~ 70 ~M 18:~ 18 :~18:1c, 
18:1c, or 5% newborn calf ~rum at 37 or 41°C. As d~Mled, ~ d s  we~ extracted, phospholi#ds TLC pufifie& and Wan~efified 
generating fat~ a~d m e ~  esters. M~h~ esters were ~ h ~  TLC purified and separated by GLC. The dMa presented are 
representative of that from ~veral expefimems ~d~ng similar chang~ and Mvds of enrichment rdative to the me&a sup~emem. 
VMues represent p~cent of totM fat~ a~d compoMtion from isoM~d p h o s p h d ~ .  

Fatty ~ G~w~ ~mp~Mu~ 

MeSa 37 o C 41° C 

~p# . :  18:0 18:0-18:1 18:1 C~f ~mm 18:0 18:0-18:1 

14:0 4.6 2.2 0.5 1.8 3.9 2.9 
14 : 1 1.2 0.7 0.9 2.6 0.9 0.9 
15 : 0 3.3 2.4 0.7 3.5 2.9 2.3 
16 : 0 29.7 22.7 15.1 33.2 38.8 23.3 
16 : 1 4.3 6.3 1.8 3.7 2.3 3.8 
17 : 0 5.5 5.2 0.8 1.7 4.2 6.9 
18 : 0 40.9 26.6 12.8 26.1 38.5 34.5 
18 : 1 6.9 24.0 66.8 20.0 6.9 22.1 
18 : 2 0.5 2.9 - 2.4 0.5 
20 : 0 1.0 1.2 - - 0.8 1.0 

Sat/Unsat. 6.6 1.8 0.4 2.3 8.4 2.6 
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18:0  and 16:0  conten~ Dual supplementation 
with equimolar 18:0-18:1c  yields the expected 
result of equal incorporation into membrane phos- 
pholipid at 37°C. At 41°C, howeve~ there ap- 
pears to be an increased amount of 18 : 0 incorpo- 
ration into these membranes which, again, is re- 
flected in the saturate/unsaturate ratio. These 
data on fatty acid enrichment are confi~ent wilh 
those reposed in other systems [28,29]. 

An adaptive response to shi~s in phospholipid 
fatty add  compofition might involve alterations in 
bilayer cholesterol content. Membrane cholesterol 
content was therefore determined and these resul~ 
are presented in Table II. From these dat~ no 
fignificant changes are apparent in the phos- 
pho~pid/Cholesterol ratios as a result of fatty 
acid enrichment or cell growth temperature. 

As an alternate adaptive respons~ phospholi- 
pid class compofition could be modulated to 
accommodate saturated fatty acid enrichment. 
This potential is substantiated in ~udies con- 
ducted by McGee [27] in which unsaturated fatty 
acid enrichment resulted in increased P E / P C  
ratios (decreased head group fize). Conversely, 
Wei~ander et al. [30], in the A. laidlawii system, 
demon~rated that unsaturated fatty adds in- 
creased polar head group fize (mono- to digluco- 
syldiacylglycerol). Therefor~ P E / P C  ratios were 
determined to detect growth temperature- a n d / o r  
supplementation-dependent phospholipid class 
changes and these resul~ are shown in Table II. 

In general, the temperature shi~ from 37 to 
41°C was accompanied by increased PC and 
decreased bilayer PE contenL Stearate enrichment 

increased PE, whi~ decreasing PC content in com- 
parison with 18:0-18 : lc con~ol~ Most im- 
ponanL howeve~ no growth ~mperature depen- 
dence was exhibi~d in 18 : 0-enriched membranes, 
~nce P E / P C  ratios were the same at both growth 
~mperatures. Refeeding 18:0-enriched cells 24 h 
post-supplementation further increased the P E /  
PC ratio (data not shown), increa~ng the ~gnifi- 
cance of the 18:0-induced changes in phospholi- 
pid head group compo~tiom Oleate enrichmenL 
on the other hand, decreased PE and increased 
PC, directionally c o n ~ e n t  with ~mperature-shifl 
changes. 

Therefor~ upon close examination, there are 
small, con~s~nt,  direction~ fa~y add  supple- 
mentation and ~mperature-dependent changes in 
PE and PC content. The dire~ion of change is 
in~restin~ ~nCe increases in membrane PE con- 
tent upon 18 : 0 enrichment would tend to fu~her 
cry~allize the bilayer due to tighter packing of 
PE. As suck the shift toward PE would rand to 
augment rather than compensate for the ef~cts of 
18 : 0 enrichment. Howeve~ whi~ in~resfin~ these 
changes do not expl~n the dif~rences in growth 
po~nf i~  of 18:0-supplemenmd calls at 37 and 
41°C. 

Membrane phyMcal state 
IsothermM (25°C) fluorescence aniso~opy 

~udies were carried out on ~olated plasma mem- 
branes ufing two structurally divergent hydro- 
phobic probe~ perylene and diphenylhexatriene. 
These dat~ shown in TabM III, indicate that the 
37 to 41°C growth ~mperature shi~ dces not 

TABLE II 

PHOSPHOLIPID/CHOLESTEROL (PL/CHOL) AND P H O S P H O / I H D  CLASS CHANGE RATIO 

Isola~d ~asma membran~ of cd~  supplemen~d ~ c d t u ~  wi~  70 #M 18 : 0, 18 : 0-18 : lc, or 18 : lc at 37 or 41°C we~ a~ayed for 
phosph~i~d  phosphoru~ class compofifion and c h ~ r ~  con~nt  as described ~ M~efiMs and M~hods. In class change 
experiments, p h o s p h a t i d ~ h a n o h r n i n e  (PE) and p h o s p h a f i d ~ c h ~ e  (PC) are reposed finc~ as ~ d  ~ the ~ ,  these fipid species 
are of greatest fig~ficance and ~ ~her  ~u&es have been shown to change as a rese t  of membrane ~ y  add mo~ficafion. 

T e m p .  PL/CHOL PE/PC 
(°C) Me&a 

suppl.: 

37 
41 

18:0 18:0-18:1 18:1 18:0 18:0-18:1 18:1 ¢ 
2.37 2.64 2.70 0.67 0.57 0.44 
2.65 2.58 2.32 0.67 0.49 0.39 



TABLE HI 

ISOTHERMAL FLUORESCENCE ANISOTROPY 

Plasma membran~ w~e ~ a t e d  ~om cd~ sup~emen~d with 
70 ~M 18 :~ 18:0-18 : 1, 18 : 1, or 5% newborn calf ~rum M 37 
to 41°C as de~ribed in MmefiMs and M~hod~ These mem- 
brane preparations were then a~ayed for both perylene (A) 
and ~pheny~exmfiene (B) fluorescence anisotropy as de- 
scribed in MMeriMs and M~hods. Membranes were equi- 
~brated to 25°C prior to obtMned a~sotropy vMues. 

Temp. MeSa suppMment 
(o~  

18:0 18:0-18:1 18:1 Calf 
serum 

A. Perylene 
37 0.081 0D67 0~57 ~068 
41 0D79 - 0~58 ~068 

B. Diphenylhexatriene 
37 0.189 ~168 0.133 0.142 
41 0.175 - 0.132 0.172 

resul t  in di f ferent  f luorescence an i so t ropy  values 
ob ta ined  with  perylene  or  d iphenylhexat r iene .  This 
is an impor t an t  f inding,  Mnce the 4 ° C  difference 
in growth tempera ture ,  while having d rama t i c  ef- 
fects on cell growth,  has no appa ren t  effect on the 
extent  of  18 : 0 enr ichment  or  subsequent  isother-  
mal  f luorescence a n i s o ~ o p y  values. There  are, 
howeveL supp lemen ta t i on -dependen t  changes in 
f luorescence an i so t ropy  ind ica ted  by  compar i son  
of  18 : 0, 18 : l c  and  18 : 0-18 : l c  c o n ~ o l ~  More-  
oveL the an i so t ropy  values are d i rec t ional ly  con- 
s is tent  with an t ic ipa ted  values resul t ing from the 
fa t ty  acid enr ichment  schem~ 

The  t empera tu re  dependence  of f luorescence 
an i so t ropy  (Fig. 5) reveals a Mmflar p robe  ani- 
so t ropy  re la t ionship  between 18 : 0 and  other  sup- 
p l e m e n ~  th rough  the t empera tu re  range of  
1 0 - 4 5 ° C .  The  smooth  curves are indicat ive of  the 
lack of m ~ o r  t r an~ t ions  in an i so t ropy  values 
wi th in  this t empera tu re  range. In  addi t ion ,  there is 
~tfle difference between serum, 1 8 : 0 - 1 8 : 1 c ,  and  
serum a lbumin  (not  shown) supp lemen t~  

Since f luorescence a n i s o ~ o p y  is a measure  of  
average p robe  mobi l i ty  within its env i ronment  in 
the b i layeL e x ~ a p o l a t i o n  to fluid state can be 
made.  Thus, 1 8 : 0  enr ichment  r esu l~  in more  
crys ta l l ine  membranes ,  whereas  18 : l c  enr ichment  
r e su l~  in more  f luid b r a y e r s  as c o m p a r e d  with 
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Fi~ 5. Temperature dependence of perylene fluorescence ani- 
sotrop~ Plasma membranes ~olated from 18:0 (I), control 
(18 : 0-18 : lc, × ; serum, O), and 18 : lc- (A) suppMmented cdl~ 
suspended in phosphate-buffered saline (pH 7.4), were equi- 
hbrated to 10°C after perylene incorporation at 42°C as 
detailed in MateriMs and Method~ Fluorescence anisoWopy 
(FA) data poin~ were subsequently obtMned on temperature 
up-scan. No evidence of hy~erefis was observed during tem- 
perature down-scan. Inset highligh~ the FA curves for 18:0- 
(I)  and 18:0-18:1c- (×)  enriched membranes as rdated to 
cell-growth temperature at 37 and 41°C. 

con t ro l~  MoreoveL these f luorescence da ta  are 
consis tent  with the s t ructura l  da t a  presented  above.  
It is interest ing to note  f rom da ta  presented  in 
Fig. 5 that  the f luorescence a n i s o ~ o p y  values f rom 
18 :0 - e n r i c he d  membranes  at 41°C are the same 
or  sl ightly lower than  that  of 18 : 0-18 : l c  cont ro ls  
at 3 7 ° C  (see inset, F i ~  5). This sugges~ that  that  
bu lk  f luidi ty  of  1 8 : 0  membranes  at  41°C, as 
measured  by  pe ry l en~  is Mmilar to that  of 1 8 : 0 -  
18 : l c  controls  at 37°C.  

Dif ferent ia l  scanning  ca lor imet ry  was then per-  
fo rmed  on nat ive 1 8 : 0 - e n r i c h e d  membranes  and 
~ o l a t e d  phospho l ip ids  to corre la te  changes in bi- 
layer  fat ty  acid  compoMtion and  f luidi ty  with 
thermal  phase  ~ a n f i d o n ~  These  da ta  are pre-  
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sented in Fig. 6. Differenti~ scanning c~orimetry  
performed on native membranes ~olated ~ o m  
18 : 0-enriched cells grown for 96 h at 41°C showed 
no therm~ phase ~an~t ion  other than the ~re- 
ve r~b~  protein denaturation endotherm. The 
magnitude of the protein ~an~f ion sugges~ that 
suffioent mater i~  was present to observe a bulk 
fipid endotherm if indeed one occurred. The ab- 
sence of a fipid ~an~t ion  indicates that no coop- 
erative unit of phospholipid exists large enough to 
produce a detectable ~an~tion.  

E 

c 

-20 -I0 [ 
T(°C) 

0 I0 20 30 40 50 
I !o ~ ~ 1 8 1 0 , 3 7 "  

V ' ~ % w w ~ ' ~  1810, 4re 

~:o,~:,,~ 

~ 1 ~ '  

1811, 37* 

1810, 41" 

N °tlVeMembroneSUbc~l~°r / ~  

Protein Denoturotion 

e~a ~ z~ a~ e~ ~ ~I~ ~a ~3 a,~ 
T( K * I  

Fig. 6. Differential scanning calorimetry on native membranes 
and isolated phospholipids. Samples were prepared as de- 
scribed in 'Materials and Methods' and differential heat flow 
assessed relative to 50% ethylene glycol/water reference stan- 
dard. Native membrane scan is representative of data obtained 
from scans of the membrane subfractions obtained from cells 
highly enriched in 18:0 at 41°C for 96 h. Hatch marks in the 
37 and 41°C 18:0 scans highlight the position of the pure 
phospholipid transition at their respective growth tempera- 
tures. Calorimetric baselines were normalized for the purpose 
of clarity. 

I sSUed  membrane phospholipids from these 
cells, howeve~ do elidt t h ~ m ~  phase ~anfifions 
which reflect the enriched ~ t f f  add  s p e d ~ .  
Stearate-enfiched phospholipids ~ells grown at 
~ther  37 or 41°C) ~ d d  gans i t~ns  w~ch  te rmina~ 
near 47°C, well above g row~ ~ m p e r a m ~ ,  whi~ 
18 : lc  and 18 : 0-18 : lc c o n ~ s  termina~ much 
lower (20 and 27°C, ~ s p e c f i v d ~ .  Fu~he~ the 
m ~ n  endo th~m of the 18:0-enriched p h o s p h ~  
pids which occurs b~ween 28 and 47 ° C is shined 
m a r k e ~ y  in comparison with 18 : lc and c o n ~ s .  
ExUap~at ion  of growth ~ m p ~ u ~ s  through 
these ~anfitions ~ v e ~ s  a 21% difference in 
amount of pure lipid y ~  to be malted as a resuR 
of the 4°C ~ m p e r ~ u ~  shi~. Therefor~ whi~ no 
Uanfition is observed in native m e m b r a n e ,  there 
are f ig~ficant  ~ f ~ n c ~  in the phyf ic~  state of 
phospholipids which c o ~ d a ~  wall with the h t f f  
a d d  and fluorescence data p ~ s e n ~ d  above. 

Membrane function: g~cose t m n ~ o ~  
Hat ing  a s c e ~ n e d  He structural and p h y ~ c ~  

state charac~fistics of these f aay  ad&mo&f ied  
m e m b ~ n ~ ,  a ~ n c t i o n ~  p ~ a m ~  was assessed 
to determine wh~her  enrichment ~ r e d  a ~ i ~ .  
Ini t i~  rates of ~ucose transporter ~nc t ion  were 
d~ermined ~ membranes ~ e d  from 18:0-  
and 18 : 0-18 : lc-enfiched cells, ~nce the trans- 
po~er  has been shown to be sens~ive to f l~d  state 
changes [11,12]. In these ~ i f i ~  sm~es ,  2 mM 
~ucose,  the K m for the ~anspo~er  ~ c~ck  
f ib ro~as~  [31], was used, ~nce m a ~ m ~  sen~tiv- 
i ff  to p e c u l a t i o n s  in the transport kinetic 
param~ers  (e.g. Vm,x, K~,  etc.) world be ~ t ~ n e d  
at t~ s  substrate concentration. A ~ h e ~ u s  p l u s  of 
t~ s  data are presented in ~g .  7. For ~ u ~ r a t N e  
purpose ,  the respective c~of im~f ic  data shown 
in ~ g .  6 (inverted for clarity) are ~ d u d e d  in these 
N~s. 

A ~ h e ~ u s  p ~ t  of c o n ~  membrane data (~g .  
7 ~  ~ d d s  a s ~ g h t  fin~ suggesting there are no 
m ~ o r  changes ~ ~anspor~r  function over the 
~ m p e r ~ u r e  range of 20-42°C.  In contrasL 
18:0-enriched membranes (~g .  7b) elidted a tfi- 
pha~c plot of transporter function, suggesting that 
18 : 0 enrichmem of membrane phosphol ip~ does 
effect ~uco~e ~anspo~er  ~netics. Moreove~ the 
~ope changes deaf ly  c o ~ d a ~  with He  onset and 
midp~n t  of He m ~ n  end~he rm of the pure pho~  
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Fi~  7. Arrhenius plot of glucose Wanspo~er function for 
18:0-18 : lc- (a) and 18 : 0- (b) supplemented cell~ F~s~order  
rate constants were ob t~ned  and plotted as a function of 
temperature through the range of 2 0 - 4 2 ° C  as detailed in 
Mater i~s  and Methods ( ). Included are the respective 
differentiM scanning calorimetric scans Hlustrated in Fi& 6, 
inveaed for clarity ~ . . . .  ~. 

p h ~ d  ~ m a l  phase ~anfition. ~ u s ,  the trans- 
po~er appe~s to reveal a t he~a l  phase tranfi- 
fion, undetectable calofim~rical~, ~ ~tact mem- 
brane~ ~ e ~  ~ e ~ r ~ t i a l  p~fitioning of 
• e ~ a n ~ o ~  ~ the mo~ c ~ s ~ e  r ~ o n s  of 
the ~ a y e r  is o~e~e& c o n ~ e n t  ~ t h  recon- 
stituted ~anspo~er /modd membrane ~ e m s  
[lll. 

Discus~on 

The data presented s~on~y indicate that the 
sharp temperature dependence exhibited by 
18:0-enriched cell growth ~ mediated by the 
phyfical state of the bilayer. Dual faay add supp- 
~mentation data suppo~ this contention, fince 
only those fatty adds known to fluidize bilaye~ 
(18:1c, 18:l t ,  dihydros~rculate) are capable of 
preventing 18:0Anduced cell death at 37°C. 
Moreove~ this 'savin~ effect ~ potentiated by 
only small quantities of unsaturate (or unsaturate 
an~og) rdafive to media 18:0 content. These 
data are consistent with Doi et al. [4] and sugge~ 
a minimum brayer fluidity requirement for proper 
cell growth. Fu~her support is g~ned through 
growth ~mperature drop-down studies, fince the 
membranes would tend to become more crystal- 
~ne as the temperature was decreased ~om 41 to 
25 °C. In these studies, the rapid onset of degen- 
erative changes are indicative of ~gnificant alter- 
ations in cell permeabi~ty, confi~ent with recent 
repots demons~ating m~or distrubances in ca- 
tion transport as membranes become more cry~al- 
~ne [6,1~3~. 

Examination of membrane ~ructure by both 
phy~cal and chemical means reveals no ~gnificant 
temperature-dependent compo~tional alterations 
suggestive of an adaptive response to 18 : 0 enrich- 
ment at 41 whi~ not at 37°C. The only structural 
modifications resulting from fatty add enrichment 
occur in phospholipid head group compo~tion 
(Table ID. Even in this cas~ no differences were 
observed between 18 : 0-supp~men~d cells grown 
at 37 and 41°C. Moreove~ the trend toward in- 
creased PE content upon 18 : 0 enrichment would 
tend to augment rather than compensate for in- 
creases in bilayer crystal~nity. 

It is notewo~hy that n~ther fatty add enrich- 
ment nor growth temperature affected membrane 
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cho~s~rol content in these ~udies. The demon- 
s~ation by Rintoul et ~. [33] that decreased mem- 
brane sterol content is accompanied by an in- 
creased state of fatty add unsaturation suggests 
that as fatty add unsaturation is increased, 
choles~rol ~vds would co~espondin~y decrease. 
In our studie~ howeveL whi~ bilayer 18 : lc con- 
tent was enriched to 67% no changes in choles~rol 
~vds were observe& Conve~d~ the concept that 
choles~r~ functions as a b~ayer plasticizer [3~35] 
suggests that as bilayers become more crystalline, 
cho~s~rol levds would increase. Ag~n, this ap- 
pears not to be the case, fince 1~ : 0 enrichment at 
tither ~mper~ure failed to effect a change in 
choles~rol con~nL Whi~ no ~ r a t i o n s  in 
choles~r~ content are apparenL the trend toward 
increased PE content in 18:0-enriched mem- 
branes might enhance cholesterol partitioning be- 
tween sphingomydin and PC over PE as sugges~d 
by Demd et ~. [36] and Barenhok and Thompson 
[37] and /o r  a~odation with lower melting pho~ 
pholipids [35]. One consequence of any prefe~ 
ential assooation could be an ~ r a t i o n  in the 
d~tribufion of choles~rol (e.g., non-random) 
within the bilayer. 

Enrichment of the exogenou~y suppfied fatty 
add is reflected in the b~ayer physic~ state as 
assessed by fluorescence aniso~opy and differen- 
ti~ scanning c~orime~y. Both per~ene and di- 
phenylhexatriene yield similar data on relative bulk 
membrane fluidity, ~emon~rating that the fluid 
state of the bihyer can be manipulated by incor- 
poration of speofic fatty adds. The 4°C di~ 
~rence in growth ~mperature, in agreement wilh 
biochemic~ dat~ does not result in differences in 
membrane fluid state when assayed isotherm~ly 
at 25°C. In addition, the fluorescence aniso~opy 
measuremen~ in F~. 5 (inset) reve~ that 
18:0-enriched membranes ~re essentially as fluid 
at 41°C as 18:0-18:1c controls at 37°C. Thus, 
while the extent of 18:0 incorporation is una~ 
fected by growth temperature, the 4°C difference 
has profound effects cn the physical sta~ of lhe 
bilayer at the respective growth ~mperature~ 
Wh~e these differences are deafly e~dent in the 
dat~ it mu~ be kept in mind that they reflect the 
'opinioff of these probes as they are arranged 
within the b~aye~ 

While fluorescence data indicate increased 

membrane cry~alliniff wig 18:0 enrichmenL 
c~orimetric data on fimilar (in fact, on the sam~ 
membrane preparations f ~ d  to d~ect any fip~ 
endotherm (Fig. 6). Howeve~ phosphofipids iso- 
lated from these membran~ exhibit dramatically 
~ r e d  therm~ pha~ ~anfifions as compared with 
c o n ~  sup~ement~ Ag~n, a gre~ de~ ~f fimi- 
h r i ~  efists b~ween 37 and 41°C phosphofi~d 
phase tranfitions confistent with the s~u~ur~ 
data p ~ n ~ d .  The ~abiliff ~ demon~ra~ a 
d~e~ab~  endotherm ~ native membran~ is ~- 
hted to the &ver~ pop~ation of fi~ds, the pres- 
ence of proton and ch~es~r~.  As has been dem- 
ons~ated by Mabrey et ~. [38], ~gh c h ~ r C  
levds substantially decrease c~orim~rically d e ~  
tab~ therm~ phase ~anfitions in homogeneous 
fipid bilayer. In n~Ne membran~ wig  ~ g ~ y  
heterogeneous fipid pop~ation~ therm~ phase 
~anfitions are broader in range and lower in 
enth~py [39] and hence the presence of c h ~ r ~  
in lh~e membran~ wo~d make a ~ h y ~  ~anfi- 
tion harder to d e ~ .  

The ~uco~  ~anspo~ sy~em was chosen in 
these preliminary ~ u & ~  of membrane function to 
a~ess the rdative ~ s  of 18:0 enrichment on 
bilayer function, fince it had been demons~a~d 
by Mdc~or  and Czech [11] and Pi th  et ~. [12] to 
be ~ g ~ y  senfitive to changes ~ bilayer fl~d 
state. As demon~ra~d in Fig. 7b, ~anfifions ~ 
A~he~us ~ot  of ~ucose ~anspo~ c~ndde with 
the onset and midp~nt of the m~n endotherm of 
phosphofi~ds ~ e d  ~om 18:0-enriched mem- 
branes. ~nce the native membran~ do not &s~ay 
any over~l t h~m~ phase ~anfition, it appea~ 
th~ c h ~ r ~  may not be mod~ating (plasti- 
df inD the mi~oen¼ronment of lhe ~anspo~e~ 
T~s  condufion is confi~ent with fin~ngs of Car- 
ruthers and Mdc~or  [4~ ufing a reconstituted 
~anspo~er sys~m and is based on the c~nd-  
dence of the two ~anfition~ pure phosphCipid 
and ~anspo~er, the m~or ~ f ~ n c e  b~ng the 
absence of c h ~ r ~ .  As such, the ~anspor~r is 
detecting an event und~e~ab~ by c~orim~ric 
mean~ s~on~y suggesting fi~d m i ~ o h ~ o g e n ~  
i V wit~n the bflaye~ Moreover, the ~ m p ~ u ~  
p a r a m e ~  of the figm~dfl Arrhen~s ~ot  su~ 
gest that the ~anspo~er is pa~itio~ng into the 
more cystalline ~ o n s  of the membrane. The~ 
data and in~rpretations are confi~ent with that 
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of Mdc~or and Czech [11] and T~lo et ~. ~1]. 
Moreove~ a fimilar transilion ~ (Na÷+ Mg~+~ 
ATPa~ actifi~ was ob~rved ~ 18 : 0-enriched A. 
laidlawii [6]. W ~  the ~uco~ ~anspo~er func- 
tion world not of i~df  exxon  call death at 37 
and not ~ 41°C, other sys~ms (e.~ C ~ A T P ~  
fimihdy a f ~ e d  might fig~ficanfly ~ r  cell 
physiNogy and homeo~afi~ A recent study by 
Yea~e ~2] suggested that c h N ~ r ~  interacts 
with lhe (Na÷+ K+~ATP~e wit~n human 
erythrocy~ membrane; howev~, ~ t~s c~ck 
fibroNast sys~m A~he~us ~ot  of ouab~n~enfi- 
five (Na + + K÷~ATPase acti¼~ ~ 18 :~en- 
riched membran~ mimic the ~uco~ ~anspo~ 
data reposed here (Tou~ell~te, M.~ and Ches- 
te~ D.W., unpubhshed ob~rvafion). Them is am- 
~e  e¼dence that different m e m b r a n ~ s o d ~ e d  
enzym~ ~q~re  &f~mnt fi~d en~ronment for 
optimM a c t i ~  ~ - 1 ~ 4 3 ~ .  

WNle lhe N~f idz~g  effec~ of c h N ~ r N  have 
been estab~shed ~ modal membrane sy~ems 
[34,35~ the function of cholesterol in native bi- 
laye~ ~mNns unanswered. Clear ~Ncations of 
N~rN phase separations and/or  ~NonN do- 
mNns have been reposed by SEar et N. [45] and 
Klausn~ et N. [46]. Moreove~ Van W~kle and 
co-worke~ [47] have demongra~d p h o s p h N ~  
compoNtionN NssimiNfities b~ween sarcoplas- 
m~ ~ticMum subpopMations ~ rabbit musd~ 
Stern b ~ n g  experiments have demon~ra~d the 
absence of c h N ~ r N  from coated pits and 
ac~cho l ine  ~ceptor p~¢h~ in Xenop~ [48-50]. 
As such, a non-random d~tribution of c h N ~ r M  
¢oMd be anti~p~ed. 

A function of c h N ~ r N  ~ native bflaye~ is 
alluded m ~ ~ N  mutant ~u&~ u~ng LM cells, 
where stern deNetion ~ s ~ d  in an increased 
bflayer 18:1c content [33], ~d~ating that 
c h N ~ r N  functions mN~y m f l ~ 2 e  b~ay~s. 
TNs con~ntion is incon~s~nt with the data herdn 
where 18 : lc enrichment does not Nter c h N ~ r N  
levds. WitNn NMoNcM membran~ thee appear 
to be three paramet~s affecting c h N ~ r N  ~stfi- 
bution. Demd and De Kruyff [3~ and CNhoun 
and SNNey [351 have demon~rme& in modal 
sys~m~ th~ chN~terN ~nds ~ p ~ n t i N ~  
a ~ o o ~ e  with ~ w ~  malting p h o s p h N ~ s .  Demd 
et M. [36] and Ba~rthNz and Thompson [371 have 
fu~h~ demon~ra~d th~ c h N ~ r N  p~%~ 

enfially in~rac~ with sp~ngomyd~ > PC > PE. 
Both ob~rvations are con~s~nt with a geom~fic 
argument for c h N e ~ N / p h o s p h o l i ~ d  in~ra~ 
fions. Cullis and De Kruyff ~1] and I~adach~Hi 
et ~. [52] have proposed, based on mNecdar 
shape, mot~n and b~ayer odentation, that 
ch~est~N geom~ry is most readily accommod- 
ated by larger head group phospholi~ds. T~s has 
been demon~ra~d in A. ~idlawff where 
c h o ~ N  incorporation ~creases the &~uc~ 
s ~ d i a c ~ y c ~  content (larger head group) over 
that of the smaller m o n o ~ u c o s ~ a c ~ y c e r o l  
[3O]. 

From these data it appears th~ c h ~ r ~  may 
functio~ primari~, to fad~ta~ optimization of 
phospholi~d p~c~ng witch t~e bu~ ~p~ phase. 
As such, c h N ~ r N  wo~d not tend to ~duce a 
h o m e o ~ o u s  sta~ wit~n the b~aye~ As demon- 
s~ated herd~ the chNes~rN content of native 
18:0-enriched membrane, w ~  abrogating any 
cMorimetfically d~ec~ble th~m~ phase ~anfi- 
tion, does not affe~ ~ucose ~anspor~r d~ection 
of the m~n endotherm of the pure phospholipid 
~anfitiom These data are confi~ent with the ex- 
istence of re~ons of m i c r o h ~ o g e n d ~  witch the 
bilayer. These ~ o n ~  dev~d of c h N ~ r N ,  when 
suffidenfly mottled,  co~d a f ~  in~grM enzyme 
function, cell phyfi~ogy, homeo~afis and, dti- 
m~dy,  call ~abih~. 
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