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C ~ A T P ~ e  from ~ b ~ t  ~ o ~ m ~  ~fic~um h ~  ~ e n  ~olat~, pudfie~ and r econ~mt~  ~ H~d 
en~mnme~s ~ n ~ i ~  ~ pdma~ ~ m ~ s  1 , 2 - ~ d ~ h a t i ~ k h o l ~ e  (DEP~ and ~ y l - ~ n  
~ r a t ~  1,2-dimydstoylphos~atidylch~ine ( D M P ~ d ~ ) .  Diffe~nfi~ ~ann~g  calorimetry ( D S ~  
has ~ m ~  ~ el~id~te the ~ a s e  ~ f i ~  ~ ihis l ~ d  ~air w h ~  Fouri~ ~am~rm i ~ r ~  s ~ c ~ o ~ y  
~ I ~  has ~ e n  u s ~  ~ m o ~ r  the st~e of each l ~ d  ~ m ~  ~ the p ~ n c e  of p r o t ~  The l ~ d  
m ~  shows gel s ~  misc~li~ ~ e r  ~ ~ t  m~t  ~ ~e  ~ m ~ f i ~  ~ n ~ ,  a ~ s ~ t  ~ good ~ ~ 
V ~  D ~  ~ ~. ~ i ~  ~ophys. Ac~ 47~ ~ - ~  ( I ~ L  ~ r  ~e  ~naw m ~ m ~  ~ ~ o ~  DMPC. 
Ac~ ~ n  ~ e ~ e ~ f i o n  ~us d ~ s  n~  w e ~ y  ~ r  ~e  m~dbfliW p m ~  d ~e  I ~ d  pai~ R ~ o n ~ -  
fion ~ C~%ATP~e ~ ~ H~d p~r p r ~ e ~ s  ~ m ~ e ~  d f ~ y .  Up ~ ~ %  ~ ~e  e ~ o u s  
I ~ d  c ~  ~ ~ ~ n ~  on t ~  H~d ~ m ~ f i o n .  Un~u~  ~ m ~ f i o n ~ e ~ n d ~ t  p r o t e i n - i ~  
d ~ s  on H~d m~fing ~ o ~  a~  n o f i ~  At low ~v~s d D M P ~ d ~ ,  bo~ ~e  DEPC ~ d  D M P ~ d ~  
~ m p o ~ s  have ~eir m~fing pr~esses b m M ~  ~ d  shi | t~  ~ lower ~ m ~ ~  ~ m ~ d  ~ ~nary 
l ~ d  m i x e r s  ~ ~e  same ~mpo~fion. This ~ggests ~ prote~ ~rturbs bo~ li~ds ~ ~mi~r f ~ o m  At 
~ levis ~ D M P C ~ ,  the DEPC ~ m ~ m  e x ~  a ~g~y coo~ra t i~  m~fing p r ~ e ~  ~ ~ m ~ -  
tures d o ~  ~ ~M f ~  ~ DEPC. Th~ s~ongly ~ c ~ e s  ~ dom~ns d DEPC a~  p ~ n t  ~ t  ~ t  ~ ~w 
tem~rature~ in the bil~e~ and that C ~ A T P a s e  ~ ~ d u ~ d  from these dom~n~ The proton thus 
ex~bits p ~ n t i ~  ~ ~  ~ ~e  D M P ~ d ~  ~ m ~ n t .  Th~ wo~ ~mons~M~ ~e  utiliW d 
FT~R ~ r  ~ a t i o n  ~ ~e  m ~  o d i n  ~ ~ dom~ns ~ ~ o n a ~ y  ~ m ~ e x  I ~ d  m i x ~  
The ~ e  of t~s wo~ to native memb~ne sy~ems whe~ l ~ d  dom~ns have ~ e n  o b ~  ~ sever~ 
~ o u ~  ~ ~ u ~ e ~  

The dependence of membran~bound enzyme 
acfifity upon the chemic~ ~ructure or phyfic~ 
state of the phospholipid environment around the 
protein is well documented [1,2]. In ¼ew of the 
posfible functional consequences of this depen- 

* To whom correspondence should be addressed. 

denc~ many phy~c~ ~udi~ of the e f ~  of mem- 
brane proteins on the malting characteristics and 
dynami~ of both the protdn and h~d compo- 
nents ~ reconstituted sys~ms have been under- 
taken (for a refiew, see Ref. ~.  Most experiments 
have ~v~ved the ronse~ion of p ~ o u ~ y  puri- 
fied membrane proteins into veeries composed of 
a ~n~e hp~ component - not in~equenfly a 
• s~ura~d phosphatid~choline. Yet such sim- 
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phfied modal lipid sy~ems cannot mimic the pos- 
~bihties for complex phase beha~or  which may 
arise due to hpid h~erogenNty in native mem- 
brane hpid preparation~ An example of the ex- 
istence of discre~ hpid domNns (thermodynami- 
cally impos~b~ for a ~nNe hpid to achieve over a 
finite ~mperature rang~ in native membrane sys- 
tems was prodded by the recent gud~s  of Schle- 
gd  et N. [3]. They demon~r~ed  that inse~ion of 
the fipids of the human erythrocy~ membrane 
into the plasma membrane of baby ham~er Nd- 
ney fibroblasts can produce discre~ domNns 
which per~st for long periods of time a~er furore  
Fluorescence spec~oscopy has been the ~chnique 
of chNce thus far ~ -6 ]  for monitoring the ex- 
istence of domNns in natNe membranes. The 
mmhod is very sen~tive for domNn identificatiom 
but cannot shed in~ght into the m~ecular compo- 
nents of the domNn. The current study proposes 
FT-IR spectroscopy for identification of gd  phase 
fipid domNns in apFropfia~ modal sys~m~ with 
possib~ ex~n~ons Io native ~n~tonment~ 

The ~mplest sys~ms which exhibit some of lhe 
prope~ies of mMficomponent en~ronmen~ such 
as phase separation while remNning amenable to 
detailed phy~cN measuremenu are binary lipid 
m~tures. The r e q u i ~  thermodynamics has b~en 
summarized by Lee [7,8]. In pre¼ous studies, 
[9-11], we have demon~ra~d  that Fourier ~ans- 
form infrared spectroscopy (FT-IR) pro~des a 
poweff~ approach for monitoring the configur~ 
fion of each lipid as wall as the secondary struc- 
ture of the protein in ternary comp~xes formed 
~om two phosphohpids plus protNn. The experi- 
ment requires the use of an a c ~ h N n  perdeub 
erated phosphofipid in binary combination with a 
pro~med (normM) phosphohpid as componen~ 
of the lipid mixture. The configur~ion-sen~tNe 
C-~H ~retching ~brafions ari~ng ~om the deu~ 
erated component appear in an in~ared spec~M 
reNon (2000-2300 cm -~) distinct ~om the config- 
uration-sen~five C-H s~emhing ~brations from 
the proteated component that absorb near 
2800-3000 cm-~. Thus both fipids can be ~multa- 
neou~y and s e p a r a ~  monitored for protdn-in- 
duced M~rations in s~ucture. 

In the current experimenL the protdn chosen 
for reconstitution is C ~ A T P a s e  (ATP pho~ 
phohydrMas~ EC 3.6.1.3) ~om rabbh sarco- 

plasmic reticulum. This protNn has severn ad- 
vantages for the current work. Severn groups, 
including our own, have punished ~ 1 2  1~ pro- 
tocols for ddipidation of the native enzyme fol- 
lowed by reconstitution into exogenous hpid en- 
¼ronments with retention of function. The ability 
of changed lipid compofition to modula~ Ca 2~ 
ATPase acti~ty has Nso been d e a r ~  demon- 
strated. HidMgo et al. [16] demon~ra~d  that 
blocking the amino group of PE in sarcoplasm~ 
ret~ulum verities resulted in inhibition of Ca 2+ 
~anspo~, but not of Ca 2 ~dependent  ATP hydrol- 
ysis. Navarro et M. [17] reconstitu~d the protNn 
with a variety of lipids and fipid mixtures and 
concluded that the coupfing ratio of Ca 2+ 
p u m p e d / A T P  hydrolyzed is s t a b ~ e d  by the 
presence of con~shaped lipid molecules such as 
dioleo~ PC and monogalactosyldiac~ycerol .  
One goM of this work is to devdop methods to 
monitor the ~ndency of Ca 2 ~ATPase to partition 
into particular reNons of chem~M structure or 
phyficM o~der in a comp~x lipid en~ronment.  In 
light of the abifity of fipids to Mter the rate of 
Ca2~ATPase activity, such partifioninN if it oc- 
curs, might serve as a means of con~ol of mem- 
bran~bound enzyme activity. In pre~ous studie~ 
we have reconstituted Ca2~ATPase into lipid 
mixtures where the fipids were Nther wdgmixed 
or immifiNNe in the gd state over a large fraction 
of thNr compofition range. In the current work, 
the protNn has been reconstituted with complex 
mixtures of lipids that included didNdoylpho~ 
phatidylchohne (DEPC) and a c ~ h a i n  perdeu~ 
erated dimyristoylphosphatid~chofine (DMPC- 
ds4) as two mNn components. These lipids were 
emphafized as each component possesses a unique 
in~ared spectrM signature enabling it to be identi- 
fied in a complex lipid en~ronment  and thus be 
po~nt iM~ useful for another goM of this work, 
namdy  the devdopment  of a means to identify 
particular lipid domNns. In addition, it was neces- 
sary as a prdiminary experiment in the current 
study to determine the phase properties of the 
binary phospholipid sys~m in the absence of pro- 
tNn. This arose as the miscibility propen~s  (for 
two protea~d componenu) as d~ermined by di~ 
ferenfiM scanning cMofimetry (DSC) [18] were in 
conflict with those found [19] from partitioning of 
a TEMPO spin labd. 



E x ~ f i m ~  

~ o l a t ~  puri f icat~ and reconstRu~on of Ca 2 +- 
A TPase 

C~%ATPa~ was ~ e d  and purified from 
the sarcoplasmic ~ t ~ d u m  of rabb~ s k d ~  
muscle accor~ng to the procedure of MacLennan 
[20]. Exchange of endogenous hpids was accom- 
pfished by a deoxych~a~-me~a~d exchange pro- 
toc~ first described by War~n et ~. [12] and later 
modified by Hid~go et ~. [1~. The wright ratios 
(protein/deoxycholate/phospholip~) used in ~1 
sampl~ were 1 : 0.5 : 2.0. Compoftion c o n ~  was 
~mmp~d by varfing the h p ~ / f i p ~  m~e ratios 
of the s~rting DEPC/DMPC-d~4 mixture. The 
fol~wing hp id / f ip~  m~e ratios were used ~ the 
s a m ~  in~c~ed: A, 100 : 0; B, 90 : 10; C, 73 : 27; 
D, 50:50; E, 33:67; F, 20:80. S a m ~  w~e 
purified by layering them on a &~ontinuous 
sucrose d e n f ~  gra~ent 05%/50%) and centrifu~ 
ing overnight at 150000 × g. 

Vefdes  were assayed for c h i n  len~h ~ f i b u -  
fion by gas chrom~ography of thdr m ~ h ~ e d  
ac~ ch~n~ The fip~s were extracted according to 
the procedure of Bfigh and Dyer [21], estefified 
with a BF3-m~han~ s~ution and extracted with 
d i~h~  ethe~ The m ~h~  esters were an~yzed on 
a Hewl~t-Packard 5890A gas chromatograph 
eq~pped with a methyl-silicone gum capillary c~- 
umn by ufng  a ~ m p ~ u ~  program of 1(0 
-183°C. 

ATPa~ acti¼ties were measu~d with a cou- 
pled enzyme assay sys~m [12]. Li~d concentra- 
tions were de~rmined as fi~d phosphorus [22]. 
Protdn concentrations were determined by the 
m~hod of Lowry et ~. [23]. 

Binary lipM comptex~ 
The ~nary fipid ¢omp~x~ for lhe ~constitu- 

tions and for the c o n ~ s  were prepared by ~s- 
s~¼ng the appropfia~ m~e ratios of the fipids in 
CHC13, dried under a ~ream of N 2 gas, evacuated 
~ a d ~ f c a ~ r  (< 1 torO for 3-10 h to ~move 
refduM traces of s~vent, and ~hydrated at tem- 
peratures g~a~r  than the ~anft ion ~ m p ~ a t u ~  
of ~ther componen~ 

S a m ~  for FT-IR were ~ a m i ~ d  in a Harrick 

493 

cell (12 ~m p~h~ngth) eq~pped wi~ CaF 2 
window~ Spec~a we~ recorded on a M ~ o n  
In~rumen~ In¢, ~rius 100 spe~rome~r eq~pped 
with a M~cury-Cadmium-Telluride d ~ e c ~  
Routind~ 100 ~ r ~ r o g r a m s  w~e collec~d, 
coadded, apod~ed wi~ a t r i a n g ~  function, and 
Foufi~ t~ns~rmed ~ ~ve a ~s~ufion of 4 
cm -~ with data encoded every 2 cm-~. Temp~- 
ature was controlled wi~ a Haake A80 circulating 
bath and m o ~ d  ~a  a Bailey BAT-12 ~ t ~  
t h ~ m o m ~ ,  with a ~ m o c o u ~ e  sensor placed 
dose to the cell windows. Frequenoes were mea- 
sured wi~ a center of gravi~ routine [2~. The 
spectrum of water (m~ched for ~ m p ~ u ~  and 
pa~len~h) was subtracted from all spe~r~ Re- 
s~u~  ~o~ng baselines w~e removed by a finear 
baseline ~veling routin~ 

DSC 
CMorim~ry experiments w~e p~formed in a 

M~ro-cN MC1 uNt. Samp~ vNum~ ~.7 cO 
contNNng approx. 5 mg of find m~eriN were 
i~ec~d ~ m  me samNe ce~, with the same amount 
of water used ~ the reference cell. Samp~s were 
heated at 24 Cdeg/h fol~wing an equilibration 
period of 1-2 h. E n t h a ~ s  w~e determined by 
cutting and wdghin~ 

MazDa& 
Lipids were purchased from Avanfi Polar Lipids 

(Birmingham, AL) BF3 m~hanol was purchased 
from Supdco Inc. Solvents were of the highest 
purity c o m m e r ~ l y  availabl~ Doubly distil~d 
water was used in all buffers. 

R e s ~  

H) Biochemical results 
The compoftions of me various comp~xes Oc~ 

c h i n  ~n~h  ~ f i b u t i o n  and f i p ~ / p r o t o n  ratio~ 
used in the FT-IR expefimen~ are summarized ~ 
TaMe I, ~ong wi~ ATPa~ actifities. S e v ~  
p~nts ~e  no~wo~hy. Fi~t, me reconstitution of 
e~her DEPC ~one or in ~nary comb~ation with 
DMPC-d~ did not proceed with effidenoes seen 
in prior ~ u & ~  [10,11~ For e x a m ~  the current 
~ s ~  (showing 55-81% ~corporation of the de- 
fired component~ are to be contrasted with stud- 
~s of C~+-ATPas~DPPC com~ex~ [1~ whe~ 
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TABLE I 

BIOCHEMICAL CHARACTERIZATION OF THE D E P C / D M P C - ~ 4  COMPLEXES 

C o m ~  ~ d / p m ~ n  A c d ~  ~ F ~ f f  ~ d  ~ m p ~ n  b 

r~b 0 ~ C m ~  1 4 : ~ h ~  14:~d~4 16:0 18:0 18:1 t r a n s  18:1 ~s 18:2 

A 97 : 1 0.91 12.7 16.5 59.4 11.4 
B 8 : 1 4.12 0.8 3.2 7.1 - 70.6 8.2 10.1 
C 37 : 1 17.55 31.6 6.9 49.5 2.1 9.8 
D 66 : 1 1.17 9.5 6.8 6.4 66.5 10.8 
E 133:1 1.17 0.8 34.2 13.3 - 31.1 8.7 11.9 
F 10:1 1.45 25.9 12.3 12.4 29.3 20.2 

~ Act i~ff  m e ~ u ~ d  at 37°C. 
b N u m b ~  of c~bon  ~oms:  n u m b ~  of C=C bond~ 

95% of the tipids co~d be replaced with a fin~e 
exchange protoc~. Due to the sub~anti~ expense 
of DMPC-d54, it was not ~afib~ to su~e~ the 
m~ticomponent sys~ms to m~tip~ exchanges 
with deoxych~a~. Second, the oriDn of the sub- 
smnti~ variation in the fin~ lipid/proton ratio is 
difficult to understand, e s p e d ~  as pm~ous 
studies [10,11] using ~e  same pro~cCs ~d to 
~asona~y p~dictab~ v~ue~ 

Refidu~ levds of d e o x y c h ~ e  (measured wi~ 
ra&oacfive iso~pe~ are f f ~ c ~  ~ss than one to 
two m ~ / m ~ e  protdn. Elec~on mi~ographs 

(negative staining) showed the presence of multi- 
lamellar veficles with tittle evidence of fragmenta- 
tion. 

(2) DEPC/Ca2+~TP~e 
FT-IR spectra of the C-H ~ n g  re ,on  

(2800-3000 cm 1) at various ~ m p ~ u m s  are 
shown (as oveday~ in ~g. 1A for pure DEPC and 
~ figure lb for a DEPC/C~+-ATPa~ com~ex 
at a l ip~/protein mole ratio of 97 : 1. Analysis of 
the t ied compofition of comp~x A (Tab~ I) 
~ c ~  ~a t  60% of ~e  endogenous l~id has 

2950 
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I 
2988 
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2850 2808 2953 290~ 285~ 2 8 ~  
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Fig. 1. (A) FT-IR special  data for the C-H spectral region (2800-3000 cm -1) for pure DEPC. Spectra are plotted at intervals of 
about 1-2 Cdeg from 4 to 16 ° C. Peak h~ght at 2850 cm-1 decreases with increasing temperature. The spectral features are assigned 
in the text. (B) FT-IR spectral data for the C-H spectral region (2800-3000 cm-~)  for a lipid-protein complex (lipid/Ca 2 +-ATPase 
= 97 : 1) where about 60% of the fipid ~ DEPC. The fatty add distribution is given as that for sample A in Table I. Details as in (A). 
The discontinuity in the data occurs at lower temperatures than in (A). 



been exchanged for DEPC. Re~du~ fractions of 
palmitat~ oleate, and ~eara~ are noted. The origin 
of the observed FT-IR spectral features is wall 
establ~hed [25,26]. The asymmetric and symme~ 
ric methyl C-H ~retching ~brafions appear near 
2956 and 2872 cm-~, respectivdy, whi~ ant~ym- 
metric and symmetric methylene CH~ s~e~hing 
vibrations are observed near 2920 and 2850 cm-t,  
respectivd~ Also e~dent is a broad Fermi reso- 
nance band which appears as an asymme~y at 
2900 cm ~ [27]. The proton component of the 
complexes contributes no distinct peaks to the 
contour in Fig. 1B, ~though part of the inten~ty 
undedying the band at 2920 cm-~ is derived from 
Ca~+-ATPase (Compare the 2920 cm -t band in 
Figs. 1A and 1B). 

As is evident from the spectra oved~d in Fig. 
1, small ~terafions in the portion and inani t ies  
of the s p e c ~  features are noted as the tempera- 
ture is increased. As the spectra are reproduced 
for approximately constant ~mperature i n ~ r v ~  
the discontinuity in the data for pure DEPC shown 
in Fi~ 1A impl~s a rapid change in s p e c ~  
properties with temperature which is reduced or 
abolished by protein incorporation (Fi~ 1B). The 
spectr~ parameter most useful for following 
s~uctur~ al~rafions in the hpid component is the 
methylene symmetric CH 2 ~re~hing frequency 
near 2850 cm -~. This band suffers fit~e or no 
underlying contribution from proton and is useful 
for monitoring proteated lipid component~ 

TemperatureAnduced variations in the fre- 
quency of this band for pure DEPC and for this 
complex with CaZ÷-ATPase are shown in Fi~ 2. 
The sharp discontinuity at 12°C for pure DEPC 
coinddes with the cMofimetricMly observed (see 
bdow) gel-liquid crystal phase ~anfition. The 
change in this parameter at the ~an~tion is about 
2 cm-t. The p r e ~ o n  with which ~equency shifts 
may be observed is much better than the resolu- 
tion of the experiment (4 cm -~) or the width of 
the bands (10-15 cm-1). Frequendes may in fact 
be measured with a predfion approaching the 
magnitude of the drift in the He-Ne laser (0.01 
cm-tL whose ~equency Mability consols the ac- 
curacy of the in~rferometer. The measurement 
was the centevoVgravity Mgorithm developed by 
Cameron et M. [24]. The origin of the increase in 
the symmetric ~retching frequency upon the in- 
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Fi~ 2. Temperature-induced variation for the 2850 cm-~ CH ~ 
symmetric ~retching mode for (©) pure DEPC and for (a) the 
97:1 complex (A in Table I). Note the sharp malt at 12°C for 
the pure fipid and i~ dimination and concomitant protein-in- 
duced fipid disordering in the complex. 

troducfion of gauche rotamers into the hydro- 
carbon chins  has been traced [28] to ~ r a t i o n s  
in the infraction con~ant b~ween C-H s~e~hing 
coordinates on adjacent CH 2 groups when the 
hpid physic~ state ~ ~ r e d .  

The introduction of C~%ATPase into the 
verities at a fipid/proton mole ratio of 97:1 
produces sub~anti~ changes in the FT-IR malting 
profi~ of the hpid component (Fig. 2) compared 
with pure DEPC. The cooperative phase Vanfition 
is completdy abolished and a graduM increase in 
the CH 2 ~equency is observed as the ~mperature 
is r~se& In addition, the increase in CH 2 
frequency in the complex at ~mperatures corre- 
sponding to the gd phase of the hpid suggests that 
insertion of proton induces sub~anti~ disorder 
into that domain The resul~ are fimilar to those 
observed with Ca~ATPase complexes with 1- 
p~mitoyl-2-oleoylphosphatidylethanolamine and 
1-s~aro~-2-oleoylphosphatid~chofine [29]. 

(3) DEPC / DMPC-d54 binary systems 
The phase behavior of binary hpid mixtures is 

effidenfly determined by differentiM scanning 
calorim~ry. ExperimentM DSC curves for pure 
DEPC, pure DMPC-d54 and seven binary lipid 
mixtures are shown in Fig. 3. A rather ~ow scan 
rate (24 Cdeg/h) was util~ed in order to mini- 
mize instrument-induced lineshape di~orfion. The 
m~n gd-liquid cry~M phase ~an~fion in DEPC 
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N ~  3. D ~ n t i M  ~ N ~  ~ W  ~ ~ r  DEP~  
D M P ~ d ~  and N n a ~  ~ of the two ~Nds. The ~ t ~  
on each trace refer to D E P C / D M P ~ d ~  rome ratios as f~- 
~ws: A, 1 ~ : 0 ;  B, 90:10; C, 80:20: D, 67:33; ~ 50:50; F, 
33:67; G, 20:80; H, 7:93 I, 0 : 1 ~ .  Scan ra~s were 24 
Cdeg/h. The v~ficN ~ N ~  ~ f f ~  ~om ~ace m Uac~ 

has onseL midpoint, and completion ~mperatures 
of 10.7, 11.5 and 13.6°C, respectivd~ These data 
are in good accord with those of van DOck et ~. 
[18] who ~so used DSC and Wu and McConnell 
[19] who util~ed partitioning of a TEMPO spin 
labd. The ~anfition width at h~ f  h~ght is 0.8°C. 
The cMofimetfic en th~p~  is 5.5 k c ~ / m o l ,  20% 
lower than seen by Van DOck et ~. [18]. For pure 
DMPC-ds~, the onseL midpoint and completion 
~mperatures are 18.1, 19.1 and 21~°C, respec- 
tivdy. Ac~  c h i n  perdeuteration reduces the mid- 
point ~mperature by about 5 Cdeg compared 
with the pro~ated spedes. A fimilar result has 
been observed for dip~mito~phosphatid~choline 
[30,31]. Unihmellar verities of DEPC and 1:1  
mixtures of DEPC/DMPC-ds4 ~howed ~anfition 
chara~eristics fimilar to thor  multilamdlar coun- 
~rpa~s.  A slight broadening of the DEPC malt 
was no~d,  but T m was unchanged. Thus, ~though 
the ~pid/prote in  complexes whose malting cha~ 
actefisfics are discu~ed in the pre~ous section are 
unihmella~ the use of m~tilamellar ~efide dis- 

perfions as c o n ~ s  ~ justified. 
As the m ~e  fraction of DMPC-d~4 (the higher 

malting componen0 in the mixture is increased 
~om 0% to 25%, the onset of malting is i n i f i ~  
decreased in ~mper~ure .  This is fo~owed by a 
r e , o n  of competition over which the onset ~m- 
perature increases (50-100% DMPC-d54 L In the 
25-50% rang~ changes are very slight. The phase 
diagram for the sys~m is determined from the 
col~ction of onset and completion ~mperature 
data. These have been plot~d in two ways. In Fig. 
4A, the uncorrected experimental data are show~ 
whi~ in Fig. 4B, the data have been corrected for 
the fini~ width Cf the malting of the pure compo- 
nents as per Mabrey and Stur~vant [32]. Th o r  
protocol minimizes the effects of impurities and 
in~rumentM ~esponse on the measured malting 
profiles, ~though htfle fundament~ justification 
e~s~  for its appl~ation. The shape of the phase 
diagram ~ in reasonable accord with that of Van 
DOck et ~. [18] for the binary,(both sy~em pro- 
~ a ~ d )  sys~m. One in~rpretation of the data is 
that the lipids are miscib~ over the entire con- 
centration range, ~though sub~ant i~ de¼ation 
~om ide~ behaver  is apparent. A second in~r- 
pr~at ion of these data is possible. Since changes 
in the onset ~mperatures from about 25 to 50 
mol% DMPC-d~ are sm~l, a hofizont~ fine (in- 
dicating gd  phase immiscibility) might be drawn 
over this na~ow competition rang~ The mini- 
mum observed in the current data between 25 and 
30% coinddes wall with the earlier c~orim~ric  
study and indicates that isotop~ substitution does 
not s u b ~ a n t i ~  ~ter  the miscibifity properties of 

 ii! ii 
X DM PC-d54 

B 
F 

X DM PC-d54 

Fig. & Pha~ ~agrams for ~e  DEPC/DMPC-d~ sys~m. (A) 
Unco~ec~d data based on ~ e  set of onset and comp~fion 
~ m p ~ u r ~  ~om Fi~ 3. (B) D ~a  ~om (A) co~ec~d by ~e  
procedu~s of Mab~y and Stu~evant ~ ,  w~ch allows for ~e  
fimte wid~ of malting of ~e  pure compor ents. F, fl~d ph~e; 
S, s ~  phas~ 



this fipid pair. The existence regime of 'fipp~d' 
phases defined by pretran~tions of the pure com- 
ponen~ is ddeted from the current phase di- 
agram. The current data differ ~om those of Wu 
and McConndl [1~ obtained from partitioning of 
a TEMPO spin labd. They indicated re~ons of 
gd state immiscibifty over the 0-75 mol% DMPC 
rang~ Howeve~ no data are shown over the range 
0-25 mol% DMPC, where a sub~anfi~ decrease 
in onset ~mperature with increasing ~actions of 
DMPC-d54 is dearly noted in the current work 
(Fig. 3), c o n ~ e n t  with the observations of Van 
D~ck et ~. [18] in this compo~fion range. 

FT-IR ~udies of sdec~d binary fpid mixtures 
suppo~ the cMofimetfic result. T y p ~  data are 
shown in Fig. 5 for the pure fpid componen~ and 
for each of the componen~ in a 73:27 (DEPC/ 
DMPC-d~) mixtur~ Malting of the DMPC-d~ 
component in Fig. 5B is monitored by tempera- 
ture-induced ~terations in the antisymmetfic 
C2H~ s~etching vibrations of the deuterated acyl 
ch ins  near 2200 cm-a. For a sample compo~fion 
of 73:27 (DEPC/DMPC-d54), which is near the 
observed minimum in the phase diagram, the 
malting of each of the fpid components occurs 
over a very na~ow range (8 to 10.5-11 Cdeg) 
which corresponds very well to that deduced from 
the phase diagram in Fig 4. At compositions away 
~om the minimum (data not shown), the observed 
tran~tion ranges are broadened in a fashion con- 
~ e n t  with the phase diagram. 

(4) Ternary complexes with Ca ~ +-A TPase 
The advantage of FT-IR for investigation of 

multicomponent lipid-containing complexes flies in 
the abifty of the method to examine the config- 
urations of individu~ fpid spede~ much as was 
done for the binary fpid mixtures abov~ In ad- 
dition, under conditions of low enth~py changes 
and broadened phase ~an~fions where DSC data 
cannot be acquired, FT-IR spec~a can be easily 
obtained. Six lipid-proton comp~xes of varying 
complexities were prepared and examined in the 
current work. The biochemic~ characterizations 
of each are summarized in Table I. Whereas in 
previous work from this laboratory [11] two domi- 
nant fpid componen~ were noted, in the current 
work a greater number of componen~ were fre- 
quen~y observed in the reconstituted comp~xes. 
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Fi~ 5. Temperature dependence of fi~d melting in a 73:27 
(DEPC/DMPC-d~) ~nary fi~d mi~ures for ~A) the DEPC 
component as m o ~ r e d  by ~e  symm~fic CH: s ~ c ~ n g  
~equenc~ (B) The DMPC-d54 componenL as m o ~ r e d  by 
• e anfisymm~fic C2H2 ~ r e ~ n g  mode. The sharp d~con- 
fin~ff in each case m~ches the ~mperam~ deduced from the 
phase ~agram. 

In all cases, the main fatty ac~ ester components 
were dMda~ and myfistat~d~, indicating the 
main fpid species present to be DEPC and 
DMPC-d54. AnMy~s of the FT-IR data ~om these 
sys~ms ~ based on the following ~amework: 

0) Characterization of the deuterated compo- 
nent (DMPC-d54) is unambiguou~y determined 
from the ~mperature dependence of the C-2H 
s~etching vibrations. 

(ii) Malting processes monitored in the C-H 
~re~hing re#on reflect all pro~ated fpid spedes 
presenL Each spedes contribution to the observed 
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~mperature profiles is in proportion to its occur- 
rence (wdgh~d slightly by the number of C H  2 

groups in the acyl ch~n~.  Since DEPC is the 
dominant protea~d fipid, changes in the C-H 
s~etching ~brafion reflect M~rations in its con- 
figuration. Further e~dence for spedfic malting of 
the d~ d i c  componen~ (see bdow) comes ~om 
the temperature of the observed event~ as well as 
from changes in a spec~M r e ,  on (950-980 cm-~), 
which cont~ns =C-H oubogplane deformations 
from Mkene c h i n s  cont~ning t r a n s  C=C bonds. 

FT-IR malting data for comp~x C (Tab~ I) are 
d e p e n d  in Fig  6. This complex cont~ns prim- 
arily DMPC-d54 and DEPC, with all other com- 
ponents tot~hng ~ss than 20% of the hpids. From 
the data of Fig. 6, it is e~dent  that the malting of 
the two dominant fipid componen~ is affected by 
protein in approximat~y the same fashion. The 
sharp discontinuities that characterize the binary 
mixtures (Fig. 5) are gone, and are replaced by 
broad non-cooperative malting events that are 
completed by approx. 8 Cdeg. The onset ~mpera- 
tures seem to be below zero and are not sampled 
in this experiment due to difficulties an t idpa~d  
with vefide ~ability upon formation of ~e c r y s t ~  
The m~n  effect of C a ~ A T P a s e  is to disorder 
each of the hpid componen~ as well as to broaden 
the malting processes. Similar effects were no~d  
for samples B and D. 
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Fig. 6. FT-IR malting d ~ a  for ~rnary  comp~x  C ~ TaNe I. 
Malting of the DEPC component  is ~ven  by the ~ h - h a n d  
o r a n g e  sc~e and ~ e  s y m b ~  O, Malting of ~ e  DMPC-d54 
component  is Dven by the f ighbhand ordinate sc~e  and the 
s y m b ~  a. Note ~ a t  each componem has i~  malt s ~ e d  to 
lower ~ m p e r ~ u r e  than ~ ~ e  appropf ia~  ~ n a r y  lipid mixture 
(Fi~ ~ .  In addition, each malt b e a n s  (apparently) bdow 0°C.  

At lower levds of DEPC (samples E and F in 
Table I), unexpected effects are noted in the malt- 
ing profiles. These are demon~rated in Figs. 7 and 
8. The deuterated component in each instance 
(Figs. 7B, 8B) demon~ra~s  a broad malting event 
not unlike those seen in samples B-D. The C-H 
component in Fi~ 7A, howeve~ exhibi~ a sharp 
~anfition at 12°C in addition to a graduM in- 
crease in the CHz ~equency between 0 and 
11.5 o C. Above the sharp ~anfition, the ~equency 
increase with ~mperature is ne~i~ble.  Similar 
results are observed with the C-H component in 
samp~ F (Fig. 8A) except that the ~mperature of 
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~ g .  7. FT-IR malting d ~ a  for ~rnary  com~ex  E ~ T a b ~  I. 
(A) Malting of ~ e  DEPC component.  (B) Malting of the 
DMPC-d54 component.  N o ~  now that the d e u ~ r ~ e d  compo- 
nent  has its malted s~f led  to low ~ m p e r ~ u r e ~  w ~  the 
DEPC component  re t~ns  a sharp melt near 12°C. These d ~ a  
suggest that d o m ~ n s  of DEPC e ~  bdow T m. 



the sharp Ganfifion is lowered to 8.5-9°C.  S~ce  
the m ~ n  proteated f i~d in these preparations is 
DEPC, it seems ~asonable  to assume ~ a t  the 
sharp d i ~ o n t i n ~  arises ~ o m  that component. 
Two ~nes of efidence suppo~ this contention. 
First. the ~ m p ~ a t u ~  of the & ~ o n t ~  is dose  
to that for the pure DEPC (Fig. 1). Second, there 
is a =C-H oubo~plane  ben~ ng  f i b r ~ n  near 965 
cm -1 w~ch  arises o ~ y  from trans~ubstitu~d 
C=C bonds [33]. Ahhough the speGr~ r e , o n  is 
c o m ~ a ~ d  by the presence of ant isymm~ric  
s G e ~ n g  modes of the cho~ne headgroup near 
970 cm-~ [3~, ~ o n f i n ~ f i ~  ~ t~s  specG~ re- 
, o n  wouM be sugg~tNe of part idpat ion by the 
DEPC componenL T ~ s  spec~M reDon for pure 
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FiD 8. FT-IR malting data for ~rnary complex F. (A) Malting 
of the DEPC component. (B) Malting of the DMPC-d5~ com- 
ponenL Ag~n (see Fig. 7) the DEPC retMns a sharp malting 
event. 
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DEPC multibflayers is illustrated in Fig. 9. At 
temperatures b r o w  T m, two features are observed 
in the spectrum, a main band near 965 cm-1 and 
a shoulder near 973 cm -1. At Tin, these bands 
merge into a tingle contour at about 971 cm- l .  
Similar patterns (Fig. 10) occur in this spectr~ 
region in ternary complex E. A shoulder seen at 
965 cm-1 at low temperatures merges with higher 
~equency components at temperatures close to 
but shghfly lower than the discontinu~y observed 
in the C-H ~retching region (Fig. 7). In addition, 
a weak shoulder near 975 cm-~ merges into the 
main contour at approx. 12°C. The weakness of 
these bands makes it impossible to quanti tat ivdy 
plot these spec ia l  alterations. However, the ob- 
servation of two discontinuous changes is con- 
sistent with a particular domain m d t i n ~  and com- 
parison with Fig. 9 impl~ates the DEPC. The 
increased in ten t ty  of the feature at 971 cm-1 in 
the ternary sy~em compared with the binary sys- 
tem (Fig. 9) arises because of the greater propor- 
tion of choline head group compared with trans 
C=C bonds in the former. The perdeuterated lipid 
component in the former still contributes its pro- 
teated antisymmetric N~CH3)  3 modes to the 
spec~um. It is not entirely dear  why the tempera- 
ture at which the 965 cm - t  band merges differs 
slightly from the discontinuity in the C-H stretch- 
ing region (Fig. 7). Different vibrational modes 

c 

1000 

Frequencg (cm.-l] 

950 

Fi~ ~ The spectral re ,  on 950-1000 cm -1 for the pure DEPC. 
This re,on cont~ns C--C-H ou~o~plane deformations as wall 
as choline modes The mer~ng of the m~n peak and shoulder 
occurs at T m. 
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~ g .  10. The ~ t ~  ~ o n  ~ 1 0 ~  cm -1 ~ r  ternary com- 
plex E. The r~afive i n ~  of ~ e  C = ~ H  modes is reduced 
from NN 9 because of ~ e  reduced amount  of ~ N ~ c  add.  
~ m p ~ a m ~  of ~ e  various specwa are as fM~ws: a, ~ 2 ° C ;  
b, &I°C;  ~ %8°C; d, 1~6° C ;  ~ l l N ° C ;  L 1Z6°C;  ~ 
18.3°C; h, 20A°C. 

may respond with different senfitivities to differ- 
ent aspects of lipid ~ructur~ The overall contour 
is visually unchanged above 12°C, confi~ent with 
the C-H ~retching data. 

Thus, there appear to be ripid compofifions and 
f ip id/prot~n ratios where sharp ~an~tions are 
still observable from the DEPC lipid component. 
It is concluded that gel phase domains of DEPC 
exist in the brayer, at temperatures bdow these 
~anNtion~ As the effect of protNn on DEPC 
alone (Fig. 2) is to eliminate the Uanfition at 
12°C, the fact that the ~anfifion is still observed 
in samp~s E and F, suggests that DEPC is ex- 
cluded ~om the Ca~+-ATPase environment. 

D ~ c u ~ n  

A variety of studies have suggested that the 
ripids of the plasma membranes of riving cdN can 
be segregated into domains of differing organiza- 
tion. The techniques used for these ~udies have 
usually been based upon fluorescence spec- 
troscopy (e.g. rifefime decay [4], polarization [5], 
fluorescence recovery a~er photobleaching [6], and 
the use of merocyanine 540 [3]). The advantage of 
this approach is the high senfitivity of the fluores- 
cence techniqu~ coupled with the ability to insert 
the fluorophore into the sy~em of interest. The 

drawbacks of the method are that (0 the reporter 
molecules may pe~urb the system of interest and 
(ii) the nature of the phases about which the 
molecules report cannot be unambiguou~y de- 
termined. Thus the molecular origin of the puta- 
tive dommns (e.g. Are they based on chemicM 
structures of particular fipids or the physical state 
of the system?) cannot easily be determined. 

FT-IR spec~oscopy lacks the senfiti~ty of flu- 
orescence spectroscopy for the observation of do- 
mains of ripids in native plasma membranes. It 
may in the near future, howeve~ be posfible to 
overcome this prob~m by incorporation of deut- 
erated ripids into intact calls and observation of 
the deuterated componen~ [35]. The current work 
demon~rates the power of FT-IR for observation 
of lipid domains in faMy complex model systems, 
confisting of 2-4 lipid components plus a func- 
tioning membrane proton. The data show that the 
existence of domains depends very ~rongly upon 
the ripid compo~tion in the vesicle. The existence 
of independent domains rich in DEPC is s~ongly 
suggested from the data in Figs. 7 and 8. The 
sharp malting event at temperatures close to the 
malting of pure DEPC (Figs. 7 and 8) coup~d 
with the observation of spectral changes in regions 
containing a substantial contribution from vibra- 
tions unique to the DEPC spe~es (=C-H (trans) 
deformation as plotted in Figs. 9 and 10) provides 
ample evidence for this. In the same samples, the 
DMPC-d~ component (Fig~ 7 and 8) showed 
only broad, non-cooperative malting phenomena 
indicating this component not to be laterally 
segregated. We further suggest that the DEPC 
component is excluded from the vidnity of Ca 2+- 
ATPase in samp~s E and F. Evidence for this is 
provided from the control experiment in Fig. 2. 
Reconstitufion of protein into vesicles highly en- 
riched in DEPC (wh~h presumably forces the 
proton to interact with that lipid) leads to the 
elimination of the sharp ~anfition and its replace- 
ment by a broadened melt shifted to lower tem- 
peratures. Thus, when the DEPC interacts with 
protein, no sharp malt is observed. Conversdy, the 
presence of a sharp malt implies the exdufion of 
the DEPC component from the proton surface. 

The observation of an excluded DEPC compo- 
nent (samples E and F) occurs in samples contain- 
ing relatively low levds of this ripid (31.1 and 



29.3% of the fatty a~d, respectivdy), with widdy 
var~ng ~ vds  of protein (hpid pro tdn  ratios 133 : 1 
and 10:1, respectively). Samples with rda t ivdy 
high levds of DEPC (49.5, 66.5 and 70.7%) show 
this component to be well-mixed. To r ~ i o n ~ e  
the lipid dependence, we suggest that suffident 
DMPC-d~ and p r o ~ a ~ d  l i p , s  (excluding DEPC) 
must be present to accommodate the protein 
surface, and it is these lipids that inmra~ with the 
Ca 2~ATPase with greater affinity lhan DEPC. In 
samples B-D,  there is insuffident hpid other than 
DEPC to form a layer around the protdn, thus 
DEPC is then util~ed, and its cooperative malt 
abolished. 

To rafionafize the wide variat~n in l ipid/  
protein ratio for w~ch gel state phase separ~ion 
is induced (samples E, F), we suggest that at ~gh 
protein levds (sample F) sub~anti~ protein-pro- 
tdn  contact occurs and that fewer hpids/prote in  
are required to accommodate the entire exposed 
protein surface than for monomeric Ca z~ATPase 
(sample E). Thus, there is still suffident (non- 
DEPC) fipid a v ~ b ~  for this purpose. This 
speculation must be verified with techniques sen~- 
t~e to pro tdn  aggregation. 

The final issue to be discussed is the rdevance 
of these results to native membrane sys~ms. It is 
noted that d~ d i c  acid is not a natur~ constituent 
of phospholipids in biolo~c~ membranes. It was 
s~e~ed  in the current experiment (i) because of 
the confli~ing condu~on  concerning its in , res t -  
ing phase properties when mixed with DMPC and 
(ii) because of the a v ~ b i h t y  of infrared spectra 
~atures unique ~o it. The sdection was successful 
in that the abihty of FT-IR to follow the malting 
characteristics of DEPC ~one and hence the oc- 
cu~ence of dom~ns  of particular components was 
unambiguou~y demons~ate& The malting of both 
the deuterated component and the component with 
the trans C=C bond could be f~lowed unamb~u- 
ou~y. T~ s  suggests that it will be ~ a ~ b ~  to 
follow such componen~ ( e s p e d ~  deuterated 
ones) which have been inserted into plasma mem- 
branes. It will then be pos~b~ to be~n to map 
those features of fipid structure which are respon- 
~ b ~  for dom~n formation. 

The funcfion~ ~gnificance of phase segrega- 
tion in n~Ne  sys~ms has yet to be determined. It 
has been suggested [36,37] that membrane pro- 
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tdns might display a greater affinity for dis- 
ordered rather than ordered dom~ns  of the bi- 
laye~ It has ~ready been shown that affinities of 
p a ~ u l a r  membrane protons e~st for particular 
lipid classes [1]. In reconstituted sy~ems cont~n- 
ing C ~ A T P a s e ,  a part ic~ar req~rement has 
been d em o n ~ra t ed  [16] for phosphat idyl-  
~hanolamine in order that the C~  + pumping 
function be m~nt~ned .  It is not necessary that 
the phyfic~ basis for a p a ~ u l a r  affinity be hnk- 
ed to a fun~ion~ requirement. Such a co~dat ion  
would however, pro¼de a means for control of 
membran~bound pro ton  function. In any case, 
the devdopment of ~chniques such as FT-IR 
w~ch can monitor discre~ dom~ns and ~ve dues 
about those lipids responfi~e for thor  e ~ e n c e  is 
of impo~ance. The perfis~nce of dom~ns [3] 
suggests that a study of thor  rdevance to function 
is wa~an~d.  
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