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Small-angle neuh'on scattering of the trans.unsaturated DEPC has been investtgatad as a funcden of peessme a r  12, 
18 6 and 35 t'C, A pressuraqndtmed strm:t~ral pitase transition from a llqutd-¢rystalline state m a gel state is ol~,erved at 
the temperatures studied. The critical per, sure of tHs Uansltlon mcreases with increasing temperature with a d P / A T  
value of 51 h a r / C " .  The small-angle neutron scattering results indicate that the effect ol the trat~ aouble bonds m 

DI~PC is to enl~nee the eorfformatiunal disorder in the hydrocarbon chmrLs In DE$'C bilayers, a ir-=mm~-indueed 
eenformational ordering process is observed not only in the llquid.erystalline phese but also m the gel phase, which 
iadieates that emlfotmational ~Lsmrder exists in the hqnid-crystalhne phase as well as m the gel pha~+ 

lntredeehun 

The sncreased interest m membrane structure and 
l~ologtcal transport has sumulated mtenswe m~esttga~ 
ttons m the chermstry and physics of model membran~  
- m parlacular, the phosphattdylcholme ~s t ems  [1] A 
common feature of these membrane phosphohplds ts 
the emst tm~ of a temperature, and pressure-dependent 
reversible gel to hquld-t.rystallme phase transtUon Be- 
low a certain phase transttton temperature, the hptd 
bdayer as an  ordered gel, characterized bJ' a ngld pack- 
mg  of tts hydrocarbon chains Above the phaseotranst- 
tton temperature, the hpid hflayer forms a disordered 
flmd-hke phase wtth disordered hydrocarbon chains [1] 
At temperatures below thin first-order phase transtuon, 
a broad prettansttton has also been observed m several 
phosphaUdy]eholme systemb [1-3], corresponding to an 
ord,~ed structure whach cons.sts of hptd lamellae das- 
totted by a lxnodm npple In adthUon to these thermo- 
tropic pha~e transtttons, pressure-mduc~! phase trans,- 

Abbmvtattons DPPC, 1,2-dtpo, hmtoyl-m-glyc.ero-3-phosphochohn~. 
DEPC. 1.2-dtdmdoyl-sn glycero.3-phosphocholme. DMPC 1.2 dr. 
,nynstoyl-sn-glyccro-3-pbusphochoL~fte, DOPC, 1,2-d,oleoyt-sn- 
gl yce re-3 -phosphoe, h oh no. 
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bcms have been observt.d using hagh-presshre rot'rated 
and Raman spectroscop) [4-71, hght trans,'m~ston ,,-,~h- 
tuques [8]. adlabauc compression [9], fluorescence 
polmazatlon [10.11], X-ray [12] and neutron scatte~ng 
[13,14], volumetric measurements [15,16], ESR [17], hght 
seattenng [18], calorimetry [19] and NMR spectroscopy 
[20] These pressure-reduced structural phase transi- 
uons, wbach have been studted mainly m the saturated 
phosphatldylchohrtes, are related to the relmtve tins- 
match between the area of the chohne headgroup at~d 
the cross-secUon of the acyl chums m the hllayer [4-71 
Small mothficatmns m the hpad molecule, hke the vana- 
tton of the headgroup, a change m the hydrocarbon 
chain-length or m the degree of unmturauon m the 
chums t.aat dmsUeally ~h,~nge the transzUon temperature 
and pressure [1,2,4-7] The effect of unsatttratton on the 
structure and packing el the hptds is of SlXCmi interest, 
because most bacterial and mammalian cell membranes 
contain a ~gh  percentage of unsaturated aeyl chaum 
The mum point of mterest ts what modtfieauons take 
place in the structural arrangement of the hptd bdayer 
to accommodate the gevmetrteal reqmrements due to 
double bonds m the aeyl chums 

In order to understand the anflueltc¢ of the unsatura- 
Iron on the structural conformaUoa m detail m the 
different thermotropm and barouoptc phases, ZH=NMR 
[21,22 t and high-pressure infrared spcctroscoptc studms 
[23] have bee~ performed on t r a m -  a n d  czs.unsatt trated 

model membranes Howev~, m ductdatmg the dtmen- 
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stons and the packing arrangement el Itpld bilayers in 
different phases, diffraction experiments are very much 
needed, but they have not been performed until now 
The small-angle neutron seattenng (SANS) technique 
has proved to be a ~ery powerful method for the 
analysts of high-pressure phase transitions [13,1a] The 
eonformatmnal changes in the hpzd hilayers can be 
momtored from changes of the bdayer repeat (d-spac- 
ing) wMch as detcrrmned by analyzing the small angle 
part of the neutron diffract,on pattern By measunng 
the d-spacing as a function of temperature and pressure, 
its temperature and pressure dependence wlthan various 
phases can be evaluated and, by reeorchng abrupt 
changes of the d-spacing, phase transtuons can be de- 
tected and a phase dmgram can be constructed In ttus 
study we present the experimental results of SANS of 
DEPC mulu-lamellar vesaeles as a functmn of pressure 
up to 2 5 kbar at three different temperatures 12, 18 6 
and 35" C 

Expenrnent~] 

l-hgh-punty DEPC was obtamexl from Avantt Polar 
[apids (Birmingham, AL) A fully hydrated (50 wt~ m 
D20 ) hp~,d dlspors, on was prepared by vortCxang the 
hFd  / D20 iraxtur¢ an a closed wal at room tempera- 
ture After tmmedmte fr~zmg of the sample m sohd 
CO1, the vorte~/freeze cycle was then repeated trace, 
leading to a homogeneous hpid dlspcr~aon 

The SANS expenmtmts were performed on the SAD 
mst~ment at the Intense Pulsed Neutron ,Source at the 
Argonne Nattonat Laboratory The neutron beam was 
generated an pulses by spallauon due to the deposition 
of 450 MeV protons on a depleted aramum target, 
followed by moderation using a sohd methane modera- 
tor (18 K) The neutron beam had a wavelength of 0.5 
to 14 A The beam dmmeter at the sample posttaon was 
about 1 em and the mtegratc.d mtenstty was about 
4 104 neutrons/era 2 per s The total flight path was 9 
m and the samplc,-to-detector distance ,,~as 1.5 m The 
scattering lme~gaey was detected by a 64 × 64 array 
area-sensmve, ga~-hlled proportional counter, whale the 
wavelengths X of the beam were determined by their 
time-of-fltght The Q range (Q = (4"#/~.) sm 0/2, 0 is 
the scattering angle~ covered m these experiments was 
from 0 005 to 0 35 A-  '. 

Two pressure cells were used for the chffraeuoa 
experiments, one made from an alatmnum alloy of hugh 
tensde strength for the lower pressures (P .< 1500 bar) 
and another from molybdenum for the lmgher pressures 
The inner diameter of the ¢ylmdncal pressure cells was 
1 cm and 0 ~ eva, respectively. Details of the apparatus 
will be described elsewhere The pressure-transnuttmg 
fluid was D20, the pressure was apphed by means of a 
hand pump and recorded by a Budenberg gauge Tem- 
perature control was aclueved by circulating water from 

a thermostat through two outside jackets, located above 
and below the neutron beam window The temperature 
was measured w~th a thermocouple to witlun 02 C ° 
accuracy, 

The iamellar structure of membranes produees l~ragg 
diffraction The low angle diffraction region ul" our 
multilamellar vesicles of DEPC features one peak corre- 
sponding to the lamellar penodlcaty, d This repeat umt, 
d, is made up of the bdayor t~ckness and the I)20 
region around its headgrou p '/'he d-sp.acangs vcere 
calculated according to the Bragg equation nA = 2d 
sm 0~, where n refers to the oh(fraction order, X is the 
neutron wavelength, and 0. is the Bragg angle of the 
nth order, which ts half of the scattenng anglo 

Results and Discuss|on 

The mulhlamellar dispersions of DEPC m DzO yield 
one intense Iirsvorder Bragg &ffraCtlon peak F ~  1 
shows the pressure dependence of the chffractton pat- 
tern at Tffi 12°C The dfffractmn peak shafts as post- 
tton as the pressure changes, and tlu~ shaft m the 
chffraet,on peak reflects changes m the h mellar bdayer 
repeat The d-spaeang, winch xs the lamellar ti~ckness 
including the water region around the headgronps, is 
calculated £mm Lhe Bfag~ equation and shown as a 
funeUon of pressure m Fag 2 Inflections m the d 
curves are observed at about 30 bar for T =  12°C, 350 
bar for T = 1 8 6 " C  and at 1230 bar for T~-35°C At 
these temperatures and pressttreg the mum phase tran- 
sition f,om the hqmd-crystalhne (LC) state to an ordered 
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Fig. 1 Examples of scatterm 8 patterns ItQ) vs Q for DEPC at 

T = 12°C and &fferem pt~suro (1-2500 bat) 
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Fz$ 2 The d-~a~mgs of DEt~S for dffrerertt temperaturea (12 L86 
35 ° C) as a function of pressure 

gel state occurs [21-25] At 12°C an additional drastic 
change m d-spacing occurs at P = 1750 4- 250 bar. winch 
indicates a second phase transmon at these condittons 
Tlus second transmon may correspond to :he G I / G .  
transmon observed at 5 kbar at 28°C m the ingh-pres- 
sure urfrared study [23] 

From the mflechon points, a phase thagram can be 
constrUCted, and the result ~s shown m Fsg 3 Data 
obtained by other experimental tedmtques [21,23-25] 
for the LC-g¢l transttaon line are mcluded m tlms phase 
diagram Withm the ~pcnmental  errors, th~se data are 
m good mutual agr~ment The experimental data show 
that the transition temperature. T,. increases hnearly 
with increasing pressure in accordance to the Clau.saus- 
Clapeyron equation, gl,an$ a value of AF, n/&P of 19 + 
1C*/kbar  A linear pressure dependence of Tra ha~ also 
been observed m saturated lipid bflayers, and the 
AT=lAP values for DMPC and DPPC have been found 
to be 201 and 2 0 8 C ° / k b a r  respectively [26-28] 
AT~/AP for the cls-unsaturated DOPC bdayers, how- 
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ever. has been reported very small, the upper hmtt being 
8 3C° /kbar  123] 

In the hqutd-crystallme phase the btlayer tMckness 
decreaees as the temperature is raised (Ad/AT)p= 
- 0 2  A t C °  at P =  l bar ts estimated from the 35 and 
12°C t~otnerms (see Fig 2) On the other hand, the 
pressur. ° deoendence of the hdayer thickness at constant 
temperature ts of opposite sign, (Ad/AP)T= 15 
A/kbar  This behavior is typmal rot a pobmer with 
htghly disordered t,onformatton [29] A rise m tempera- 
tur¢ increases dlsorder, l e ,  m e r ~  the number of 
kinks and gauche rsomers, and thus decreases its elon- 
gabon A strmlar mechamsm explains the temperature 
effeels observed m the hqutd-crystalhne phase of hptds 
An increase in the disorder in the hydrocarbon chams 
upon raising the temperature enlarges the cross-secuon 
ot the acy] chains and reduceS the etongatton_ Increas- 
ing pressure has the opposite effect, the hptd h]layers m 
the hqmd-cr~stalhne state am more compressthl¢ in the 
lateral than m the transverse direction, winch ts the 
result of reduction m the eross-sectron occt, pled per 
hyd;ocarbon chmn due to the preSsare-mduced confor- 
matlonal ordering. Baxoiropt¢ studieq of DPPC using 
X-ray dtffraetmn [12] show that m the hqmd-erystalhne 
phase, the lateral compresstbthty of the bflayer exceeds 
the transverse ~ompresston Tlus observauon is also m 
good agreement wtth the ESR [30] and fluorescence 
pola~zatmn measurements [8A1], which demopstrated 
that increasing pressure causes progressive ordenng of 
probe molecules located m the hydrocarbon chain re- 
glen of fired lipid blla)ers and bmlogtcal membranes 

Smular to the behawor observed m the hqmd-erystal- 
hne phase, the larnellar pertodlctty of DE.I~ also m- 
creases in the g.el phase wRh increasing pressure 
(Ad/4P = 2 _+ 1 A/kbar  at 18 6°C)  Tlus lmphes that 
a considerable number of gauche bond~ still remain in 
the get phase of DEPC [n contrast, X-ray [12] and 
neutron [13] seattenng experiments on DPPC bdayers 
have shown that the [ameliar peno~o ty  in the. gel phase 
decreases slightly as a function o[" pressure Therefore, 
the conformalaonally disordered structure in the gel 
phase of DEPC must be related to the presence of trans 
double bonds on the hydrocarbon chains The rrans 
double bond introduces extra kanks an the ehmns and 
thus ereates more space adjacent to the double bonds to 
accommodate more disordered gauche bonds, 

[t is of interest to note m Fig 2 that the lamellar 
periodicity of the first gel phase (Or) at t 2 °C  is appre- 
ciably smaller than that at 35 and 18 6°C  From the 
temperature effects on the eonformaUonM dasorder, the 
d-spacing at 12°C m the gel phase ts e~peeted to be 
slightly larger than that of the corresponding phase at 
bag, her temperatures Moreover, the bflayer tinckness m 
the (3 t gel phas ,~ at 12~C is hardly affected by pressure 
up to 1750 bar, where a second trarmttton occurs, winch 
contrasts w~th the other two isotherms 
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The unsaturated s tructure may be responstble for the 
relatively small  bflayer repeat observed at 1 2 ° C  As we 
d~scussed earher, the presence of  the trans double  bonds  
]n the hydrocarhon ~.hmns of D E P C  leads to a more  
chsordered couf0rmatmnal  structure m the gel phase 
Consequently,  t ae cross-sectton of the two hydrocarbon 
chains of  each phosphobptd  molecule  m the gel phase ts 
I-'u-ger than  that  m eqm,,alent sa turated phosphohp]d  
systems at corresponding temperature  and  pressure A t  
18 6 or 35°C ,  the ~emperature as high enough to m i r a -  
duee sufficient eonformattonal  dts tort ton m the cb.mns 
that  the eross-seelton of the two hydrocarbon ehams  ts 
comparable  wtth the headgroup area [31] Under  such 
ctrcunxqtances, the t i l t  conf igura tmu of the bdayer ,  whmh 
usually exasts m the pressure-reduced gel phase  15,6,31], 
does not extst m the G~ gel phase of D E P C  at 18 6 or  
3 5 ° C  At  12°C ,  though, the degree of  disorder  may  not  
be suff,_c]ent to prevent  the ttlt  configurat ton and  there-  
fore the G~ gel phase at 1 2 ° C  may exast m a td t  
eonfiguratmn Thts tdt  conftgurauon results  m a smaller  
d-spacing 

In the G I phase  of D E P C  at  12°C ,  lateral  eompres-  
start leads to a coaformat tonal  order ing process ~h leh  
results m an elongat ton of the hydrocarbon  ¢ham~ 
Meanwhile,  the con fonnauona l  o r d e n n g  process prob-  
ably leads to a decrease m the effective cross-secuon of  
the hydrocarbon chains  and  a fur ther  t i l t  of the hydro-  
carbon cl~xmns wi th  respect to the btkayer surface The  
elongaltort and  til t  effects compensa te  each other  and  
result  m a small  pressure dependence m the bdayer  
t laekness m the G t  phase  The small  d-spacing and  tls 
relatwely ~rsensmve pressure dependence  m the G~ gel 
phase at 1 2 ° C  may  suggest  the extstence of a metas ta-  
ble phase at  that  temperature  whtch ts no t  present  a t  
18 6 or  35"C 

In summary,  the exper imenta l  SANS results  on  the 
D E P C  lamellar  vesicles show tha t  the presence of the 
trans double  bonds  m the hydrocarbon  chums intro-  
duces more k inks  and gauche conformal tons  m the 
chmns The conformauona l  dtsordes remains  at  a rela- 
t tvely high degree m the gel phase, whtch ]s m the 
contrary  to the results found for sa turated phosphoh-  
p]ds 
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