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SUMMARY 

I. Nasma membranes ~ o m  rabbit thymocy~s  have been analyzed by laser- 
Raman spe~roscopy over the 800-3000 c m -  ~ region and the spectra compared with 
those of endoNasmic reticMum, as well as relevant liposome sys~ms. 

2. EvMuafion of the Amide 1 and Amide 111 regions indicates that thymocym 
plasma membranes, but not endoplasm~ ret ic~um, contNn appreciable ~-stru~ure 
pepfide. This condufion is supposed  by in~ared spectroscopy. 

3. EvMuation of the 2890 c m - t  : 2850 cm-1 intensity ratio of Nasma me~n- 
branes as a function of temperature, using an in~grafion ~chnNue,  demon~ra~s  a 
thermot ro~c  lipid tranfition centered near 23 °C. This tranfition is less sharp than 
one observed with egg lecithin in this temperature range. 

4. The fignificance of the the rmot ro~c  ~ansit ion is evMuamd in view of the 
lack of t h e r m o ~ o ~ c  l iNd-proton segregation detectable by ~eeze-fra~ure electron 
m~roscopy (Wunderlich, F., WNlach, D. F. H., Sp~h,  V. and Fische~ H. (1973) 
Biochim. Biophys. Acta 373, 34-43). 

INTRODUCTION 

During our explorations into the structure and function of lymphocyte mem- 
branes, we discovered that the nuclear membranes of these cel~ can undergo a revers- 
ible, thermotropic segregation of their lipid and protein mo~fies [1 ]. This segrega- 
tion manifests itself on freeze-fracture electron m~rographs in the altered concen- 
tration and topology of intramembranous particles observed a~er cells are cooled 
below 22 ~C. 

This thermotropic segregation of lipid from protein is not observed in the 
plasma membranes of lymphoid cells [1 ], a fact which might be a~ributed to the 
high cholesterol: phospholipid ratio of  these membranes, a restricted protein mo- 
bility, or both. We have, accordingly, subjected thymocyte plasma membranes, 
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isolated by methods ~] des~ned for m~abM~ experimentation [3, 4], to structural 
anNysis by hse~Raman spe~roscopy [5]. As we have recently shown tbr erythro- 
cyte ghos~ ~], Nomembranes can ~ d d  well resolved Raman spec~a which inform 
about the structure of membrane proteins and lipids as well as the inmracfion of 
these mNefies. 

In this initial mpo~ on the analysis of ~mphocyte membranes by lase>Raman 
spectroscop~ we focus on the plasma membranes of rabNt thymocytes, but include 
pertinent data on endoNasm~ reficMum and model sysmms. We demon~ram that 
the Nasma membrane lipids do undergo a thermo~op~ ~ru~ure ~anfifion, but 
that this is poorly cooperative. We fu~her show that thymocyte plasma membranes 
contain appredaNe /]-stru~ure pep~de and that endoNasm~ reticulum, but not 
plasma membrane, contains co~ugated pMyenes that are probaNe pro~in bound. 

EXPERIMENTAL 

Preparat~n of thymocy~ membranes. MkrosomM membranes were p~pared from 
~eshly isolated rabbit thymocytes as in reK 2. Washed cells were ~suspended at a 
concen~a~on of 5 • 10 v cellUml in ~075 M KCI, ~065 M NaCI, 0.25 mM MgCI2, 
0.01 M 4-(hydroxymeth~)l-NperazinylNhane-2-sMfate (HEPES) pH 7.5, and 
N~upted by N~ogen ca~ta~on. We seNmented nudo,  mitochondria and lyso- 
somes at 6" l0 s 9" rain (Beckman centrifuge J 21) and p~le~d the small parOcle 
~ac~on at 10 v 9" rain (Beckman Spinco ultracentrifuge L2 65, Rotor 60 Ti). We 
then washed the microsomes, first with 0.01 M HEPES, pH 7.5. and then with 
0.001 M HEPES, pH 7.5 (107 9" rain) to ~iminate ~apped cytoNasm~ promins 
and to di~oNate membranebound ribosomes. ARer the last washing, mkrosomes 
were resuspended in 0.001 M HEPES, 0.001 M MgCI2, pH 8.2, applied to a dextran 
gradient (Dextran T-15~ Pharmad~ Sweden) (maximum density 1.09) as in reK 2 
and centrifuged for 10 s ~- rain (Beckman Spinco L2 65, Rotor SW 56). The two 
membrane ~actions obtNned, plasma membranes and endoplasmic rNkMum ~] 
were col~cmd ~om the gradient and washed tw~e in 0.005 M phosphate, pH 8.0, 
by pelleting them at 1.2-~0 v #-min.  

ChemicN anMyses ~] reveM phospholipid/protNn ra~os of 822 and 272 
nmo~mg pro~in for plasma membranes and endoNasmic reticMum, respective~. 
The RNA con~n~ of the pNsma membrane and endoNasmic re~culum ~actions 
we~ 0.5 and about 5 '~;, respectivN~ The plasma membranes exhibit a c h o ~ e r ~ /  
phosphNiNd molar ra~o of approx. 1.2. 

Chemical. Egg ~ t h i n  (unsaturated) was obtNned ~om Lipid Producu 
(South Nutfield, Great BritainL dipMmito~ k~tNn, dipMmito~ phosphatidyl- 
~hanNamine and sphingomy~in ~om Serdary Research Laboratories (London, 
Ontario, Canada), cholesterol ~om Sigma (St. Louis, Mo., U.S.A.) and m~i~in 
~om NutN~onM Biochemicals (C~ve~nd, Ohio, U.S.A.). AgCI plates for in,areal 
measurements were purchased ~om Harshaw (Solon, Ohio, U.S.A.). All other 
reagenU were of anMyticN grade. 

Preparat~n of liposomes. Phosphatide liposomes were p~pa~d  as described 
previously [7]. The phosphatide concentra~on used were of the order of 0.12 M. 

l~]?aredspec~a, ln~ared spectra were recorded on N~dried membrane films 
[8] using a Perkin-Elmer in~ared spectrophotometer. 
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R a m a n  s p e c ~ o a c o p y .  Membrane vesicles and liposomes with and without 
mditfin were transferred to 0.9-1 mm internal diameter Kimex CapiRaries. ARer 
se~in~ the samp~ capi~aries were placed in a Harney-Miller Cell [9] for tempe> 
ature control. The temperature was regulated by a flow of nitrogen regulated by a 
te~thermometer. Temperature con~ol was checked by melting point measuremen~ 
on standard lipids in the laser beam. 

Raman spectra were recorded by a Ram~og 4 Raman spectrometer (Spex 
Industries, Metuchen, N. J., U.S.A.) interfaced to an Interdata (Model 70) computer. 
An Ar + laser (Spectra Physics model 164), tuned at 488 nm or 514.5 nm, 300 mW 
power at the sample, was used as an exaltation source. The Raman scattering at 
right angles to the laser beam was detected by a thermo-ekctfical~ cooled photo- 
multi~ier (RCA 31034) and was recorded in terms of photons/s. The "darU" counts 
of the photo cell were < 100 counts~. Raman sca~ering from the sample gave 
coun~ in the order of 10~-104/s. Scanning was done through the computer (loaded 
with the VIESD Ramancomp Computer Program, Spex Industries). We used the 
following spedfications for scannin~ Maximum time and minimum time at each 
data point were 3 and 1 s, respectively; photon counts, 10~/s ma~mum, 100/s minimum; 
scanning step, one wave number. The program does not scan the spectrometer at a 
rate linear with respect to time. Ratheg scans are increment~ between data points 
and no coun~ are recorded when the spectrometer is moving between data po in t .  
The photon counts were stored in the computer memory during scanning (2-4 scans). 
The averaged, stored spectra were then plowed on the RamMog recorder. 

R E S U L T S  A N D  D I S C U S S I O N  

2 8 0 0 - 3 0 0 0  o n -  i 

Fig. I depic~ the Raman scagefing by thymocy~ plasma membranes and 
endo~asmic refic~um in the 2800-3000 cm -1 r e , o n .  The C-H s~etc~ng vibra- 
tions of both membrane promins and membrane fipids appear in this Dequency 
range. We observe scattering peaks near 285~ 289~ 2910 and 2940 c m  - I  and 
shoulders at 2870 and 2960 cm- l .  The C-H s~etching modes are s~ong and vary 
li~le in Dequency (unlike, for exam~e, O-H or amide vibrations): they can therefore 
be rather easily a~igned. 

The 2850 cm- l band has been previously assigned to symmetric CH 2 strmching 
vibrations of phosphatides [10]. Concordantl> lipids such as phosphat idy~thand-  
amine (Fig. 1), lecithin D], fatty acids [11] and sphingomydin (Table I) show a 
s~on~ sharp band at 2850 cm -*. Howeve~ CH2montMning amino adds, poly- 
pepfides and promins do not exhibit Raman scattering at this Dequency [12], even 
though amino acids such as lysine and ar~nine have sub~antial CH2 sequences. 
It appears, therefore, that the 2850 cm- * band of the membranes is due to the ac~ 
chains of membrane lipids. 

The 2870 cm -1 sho~der  and 2907 cm- ~ band are not observed with liposomes 
(Fig. 1) or with solutions of phosphatides in organic solvent~ but a band at 2865 
cm-1 has been reposed  for long c h i n  hydrocarbons with t r id i~c  c h i n  p a c i n g  
[1 I]. However, we and others have observed Raman scattering near 2875 cm -1 
with a var~ty of amino adds, pdypepfides and protdns. Examp~s are 2870 cm-~ 
for bo~ne serum albumin D], 2870 cm- ~ for t h y m ~ a t e  synthetase {our unpublished 
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Fig. I. Raman spectra in the 2900cm ~ region of  tbymocyte plasma membrane (PM} and endo-  
plasm~ r ~ u l u m  (ER), d i p ~ m i t o ~  p h o s p h a t i d ~ b a n o ~ m i n e  (PE) with and without mOittin. 
Exch~ion w a v e ~ n ~ h  488 nm. ResOut~n  about 5 cm-  ~; power 300 roW. The Raman spectra o f  
p h o s p b a t ~ h a n o l a m i n e  with and without melittin and e n d o ~ a s m ~  r e t ~ u m  were ~ecorded at 
18~2 ~C. 
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TABLE I 

RAMAN FREQUENCIES FOR THYMOCYTE PLASMA MEMBRANE ENDOPLASMIC 
RETICULUM MEMBRANES AND S P H I N G O M Y E ~ N  

Sh, ~ o ~ d ~ :  ~,. ~ r e t ~ m ~  h, ~ r m ~ m  

Plasma membrane 
(~m - t ) 

_ _  

2960 
2940 
2907 
2887 
2870 
2850 
1660 
1640 

1460 
1440 
1432 
375 
340 
300 
267 
240 (Sh) 
228 

1200 

1150 
1130 
1100 
1080 
1062 
1015 
1 0 0 3  

960 
922 
860 

EndoNasmk SpNngomyelin 
r ~ M u m  (cm tl ~m -~) 

2940 
2910 
2890 

_ 

2850 
1670 

1610 
1528 
1470 
1450 

1370 
1340 

1270 

1155 

1130 
1097 
1080 

. 

_ _  

1005 
970 
920 
855 

2960 (Sh) 
2940 

2890 
_ 

2850 

167716631645 } 

1460 
1440 
_ 

_ 

_ 

1300 
. 

_ 

Tentative as~gnment 

asymm~fical ~, C H  3 

asymm~ficM ~' CH2 
v CH~ 
~mm~fica l  ~, (CHz and CH3) 
~mm~fica l  v [CHz and CH~) 
~mm~fica l  t, CH~ 
Amide I : water 

Trp 
( C C ) co~uga~d 
~ ICHz and C H  3) 

Trp 
~CH 
rocking CH2 

Amide I11 

-- ~ ( C C 1in c o ~ u ~ d  
- v ( C - C )  r ~ C  NI 

1130 
Phosph~e 

1092 
1065 ~' ~C C) • fC N) 

Trp ~Phe 

960 t, (C C) 
925 

Ty 

r e s ~  2876 cm - 1 for  poly-L-lysine  [I 3] and  2872 c m -  1 for  sol id c h y m o t r y p f n o g e n  

[12]. W e  the re fo re  ass ign the s h o u l d e r  near  2870 cm -~ to  h y d r o c a r b o n  res idues  in 
the  a m i n o  acid  side cha ins  o f  m e m b r a n e  p r o ~ i n s .  The  band  near  2910 c m -  ~ can be 
~ m i ~ d y  a s f g n e d  [12]. 

T h y m o c y t e  p la sma  m e m b r a n e s  and  e n d o ~ a s m ~  r e f i c ~ u m  s h o w  s t rong  
R a m a n  sca t t e r ing  a t  2887 and  2890 c m - 1 ,  r e s p e c t i v d y  (Fig.  1). L o n g - c h i n  l ipids 
a l so  s h o w  a s t r o n g  band  a t  2 8 9 0 c m - 1  and  this has been  p r e ~ o u M y  ass igned to  
o v e H a p ~ n g  C H ,  and  C H  3 ( symmet r i c a l )  ~ b r a f i o n s  [10]. H o w e v e ~  p r o t o n s ,  po ly-  
pept ides  and  a m i n o  acids  yield no  s c a t t e ~ n g  at  2890 c m - 1  

The  m a x i m u m  n u m b e r  o f  CH2  g roups ,  in a m ~ o  a ~ d  f ide chains  ( four )  occurs  
in lysine, yet  lysine o r  p~y -L- ly s ine  shows  no 2890 c m -  1 band ;  no r  do  s h o r ~ c h ~ n  
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alkanes [14]. We therefore propose that the 2890 cm-  ~ band arises from lipid acyl- 
chain segments of ~ngth  greamr than four C H  2 refidues and from CH3. 

The band at 2940 cm-* includes contributions Dora both membrane promins 
and lipids. DipNmito~ lecithin exNN~ only a weak shoulder near 2935 cm * [10] 
but egg lecithin has a distinct band at this Dequency and the inten~ty of this band 
increases with prolonged so~cat iom Protdns  and poDpeptides show strong scattering 
in this region, e.g. 2926, 2940, 2951, 2936 and 2923 c m -  ~ for chymotryp~nogen [12], 
bovine serum Nbumin ~] ,  r ibonudease [12], poly-~-lysine [13land pdy- t -Nu tamate  
[12], respectivdD We suggest that the membrane scat~fing bands near 2940 cm-~ 
arise from asymmetrical [12] C H  2 vibrations in short hydrocarbon segments. The 
lipid contribution would then be Dora C H  2 re ,dues  separated by C = C bonds in the 
unsaturated chain of  phosphatides, whereas the protein cont fbut ion  would be from 
the CH2montNning amino acids. The latter contribute the bulk of membrane C H  2 

residues and we conclude that the band near 2940 cm-~ arises predominantly Dom 
membrane protdns.  

The 2910 c m -  ~ : 2850 cm-  ~ ~ten~O' rat~* 

Since the ~ 2910 cm ~ band arises ~ o m  membrane protein and the 2850 cm-  ~ 
band ~ o m  lipids, the relative i n ,g r a t ed  intenfities of these bands should reflect 
the pro~in  : lipid ratio. We observed a ratio of 1.4 for plasma membrane and 4.0 
for e n d o ~ a s m ~  ret ic~um, suggesting that these membranes contain 58 and 80 ~o 
protein, respect ivd~ These values are confistent with b i o c h e m ~  an~yses [2]. 

Cha~ Mobility 

As we will det~l  fu~her  on, in phosphatide tiposomes, the i n , g r a n d  2890 
cm-~ : 2850 cm -~ scattering ratio decreases with increasing ~mpera ture  (Fig. 2): 

1¢~ 

~60 

~0 
• 

1~ I 30  I | 50 | 

TEMPERATURE i°Ct 

2 . 0  

1 . 0  

Fig. 2. The plot  o f  ra t io  of  in~grMs between 2860-2900 (I289o) and 2830 2860 c m - t  (12sso) vs 
~ m p e r a t u r ~  In the case of  p lasma membranes  1289o represents the integral  b~ween  2875 and 2895 
c m -  1 (see text for detM~). The points  marked  in the curves are an average value of  four different 
r eco rd~gs  at a p a p u l a r  ~mpera tu re .  O,  p lasma membrane;  ~1, egg M ~ t h i n + c h ~ e ~ e r C ;  &, egg 
Mc~h~.  

• _ _  

* 2910 c m -  t : 2850 c m -  ~ in e n d o p t a s m ~  r e t ~ u m ;  2907 cm ~ : 2850 c m -  ~ in p lasma membrane.  
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this trend shows a discontinuity centered near 20 ~C. Below this temperaturm the 
ratio changes by 0.04/°C. In view of these fac~, one might expect thah in a given 
system, the 2890 cm-  ~ : 2850 cm-  ~ intensity ratio will reflect acyl chain mobility as 
a function of lipid protein interaction at a given temperature. We have evaluated 
this possibility for the interaction of phosphatid~choline and phosphatidylethanol- 
amine with mdittin, an amphipalh~ polypeptide known to restrain phosphatide 
acyl chain motion [15]. 

The intensity ratios (2890cm-1 : 2850 cm-~) of dipalmito~ leN~hin and 
dipalmito~ phosphatid~ethanolamine were 1.20 and 1.29, respectively. Addition of 
mditfin (10 -3 M) to the phosphatides (0.~2 M) Ntered the 2800-3000 cm -~ tenon 
of the spectra (Fig. 1) and increased the ratios to 1.36 and 1.54, respectively. We 
interpret these changes to reflect the restriction on acyl chain mobility induced by 
mdittin. The greater effect with phosphatid~ethanolamine is compatible with the 
greater interaction between this phosphatide and m~Rfin. The inten~fication of 
the bands at 2910, 2920 and 2937 cm -~ (Fi~ 1) may reflect immobi~zation of the 
-CH2-CH2- moiety of phosphatidylethanolamine due to ionic bonding [15] between 
the anionic lipid and the basic polypeptide. At the concentrations used, melittin 
i~elf does not contribute ~gnificant scatte~ng. 

Turning to the membranes (Fig. 1), we find that the 2890 cm-~ : 2850 cr~-~ 
intensity ratio (integrated) is 1.3 in plasma membrane and 4.0 in endoplasm~ retic- 

i ~ I ~ ~ 
J 

o g ~  i ~  ~ 
l i  o . . . . . . .  

Fi~ 3. Raman spectra in the 800-1800cm -~ re,on of thymoc~e ~asma memb~ne (PM) and 
e n d o ~ m ~  r ~ u m  (ER). E x ~ t ~ n  wave~n~h 488 nm: power 300 roW; ~s~m~n about 5 
cm-~; ~ m p ~ u m  18~2 °C. Raman in~ns~s are in ph~ons~ ~(a~ ma~edL D~ted ~e~al 
lines in the e n d o ~ m ~  ~fic~um spe~rum ind~a~ changes in the background suppres~on. 
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ulum, a lmo~ indentical to the protein : lipid ratios. The different 2890 c m -  ~ : 2850 
cm-~ intensity ratios of the two membranes may arise in part to overlap between 
the 2890 and 2910 c m -  ~ bands and may in part  be due to a greater degree ofapolar  lipid- 
protein interaction than exist in plasma membranes. We also cannot fully exclude 
a contribution due to the different cholesterol :phospholipid ratios of  the two 
membranes. However, as shown below and in Fig. 2, the efl~cts of  cholesterol on 
the intensity ratio 2890 cm-  ~ : 2850 cm-  ~ are numericM~ much smaller than what 
we describe here. The smMler ratio, 1.54, observed in the mdittin-phosphatidyleth- 
anolamine sy~em can be a~ributed to the low protein: l ipid weight ratio, 0.03, 
em~oyed  to avoid interference by melittin scattering. 

Amide I reg~n: 1630-1670 cm-  ~ 
As shown in Fig. 3, ~ a s m a  membrane vesicles exhibit two peaks in this ~ o n ,  at 
1640 cm-~ and at 1660 cm-~:  a small shoulder is observed at 1670 cm -~. Fig. 4, 
an expanded sc~e spe~rum of the Amide I r e , o n  aRer sub ,ac t ion  of the scattering 
contribution of wa~r  (centered at 1640 cm-~),  reve~s that the 1660 cm -~ band is 
p~dominant .  In conwasL endo~asmic  ~ f i c ~ u m  yields a single peak at 1670 cm-  ~ 

I I I I I I I I 
1720  1680  ~640 1600  

FREQUENCY S H I ~  ( C ~ )  

Fi~. 4. ~ i ~ n ~  R ~ m ~ n s p ~ t r u m i n  t h c [ h ~ m o ~ m ~ m c m b ~ n c i n ~ h c  ~ i d c  l ~ o ~ . T h c  
J n ~ c ~  w ~  ~ c ~ m  ¢omp~cd ~ r  ~ era- ~ i ~ v ~ s  ~ ~ c ~  ~om ~hc ~ a ~ d  m c m ~ n c  
~pc~ ~m.  

Raman scat~fing in the Amide I region should in p r i n ~ e  provide inlbr- 
marion about  the average secondary structure of  membrane protons.  Thus, 7- 
h~ic~ homopolypeptides exhibit a s~ong line near 1650cm -1, e.g. 1654cm - t  
for po~-L-alanine [16], 1652cm -~ for p~y-benzyl-L-~utamate [17], 1652cm -~ 
for poly-~-~ucine and 1645-1652cm - :  for poly-~-lysine [17, 13, 18]. The m ~ o r  
Amide ! bands of ~-s~uctured homop~ypept ide~ in contrasL lie b~ween 1663 
and 1764cm - t ,  e.g. 1663cm -~ f o r p ~ y - ~ a n ~ e  [12], 1666cm -~ forpo~-~-val ine 
[12], 1668-1672 cm - t for poly-~-sefine [17] and 1670-1672 cm-  ~ for p~y-~-~f ine  
[13, 18]. Homop~ypept ides  in the unordered state do not yield sharp Raman peaks: 
broad bands have been reposed  at 1649 cm-~ for p~y-L-~utamate  [12] and 1657 
cm - t  for p~y-~lys ine  [13]. 
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Fig. 5. Infrared absorption spe¢tr;t (Amide I re,on) of thymocy~ plasma membrane (PM) and 
endoplasmic r~ulum (ER) deported on AgCI plates. The frequenc~s at top are for plasma mem- 
brane; those at the bottom are for endoplasm~ r~ulum. 

According to the Raman data on homopolypeptides, the 1660 cm-~ band 
in plasma membranes suggests a substantial proportion of peptide in the fl-con- 
formation. Our in~ared spectra (Fig. 5) support this conclusion. The plasma mem- 
brane ~agments show a broad maximum at 1650-1645 cm-  ~ with a small shoulder 
near 1635 cm -~, whereas endoplasmic reticulum fields a sharper peak, maximal 
at 1650 cm-1. e-Hd~M and unordered homopolypeptides exhibil maximN Amide 
I absorption at 1652 and 1656 cm-  ~ whereas the Amide I peak of fl-structured poly- 
peptides lies near 1630cm -I .  According to these criteria, endoNasmic reticulum 
membrane proteins are in helical and/or unordered array, but plasma membranes 
contain appre~able proportions of/%structure. 

Amide 111 reg~n: 1200-1300 cm-  1 

Hasma membrane vesicles exhibit peaks at 1228 and 1267cm -1 (Fig. 3) 
and a shoulder at 1240 cm-1, whereas endo~asm~ refic~um has a sin~e peak at 
1270 cm-  ~. ~ - H d ~  homop~ypepfides do not reveal strong bands in this region 
and unordered p~ypepfides f d d  rather diffuse Amide 111 scattering [I 3]. ]n con~a~,  
most /]-structured po~peptides exhibit multiple sharp Amide ill bands, e.g. 1231, 
1276 and 1291 cm -~ for p~y-L-valine [12], 1231, 1250 and 1268cm -~ for poly-L- 
alanine [12], 1234, 1252, and 1296cm -~ for fl-penta~yone [12] and 1220, 1234 
and 1295cm -~ for p ~ y ~ y o n e  I. fl-poly-~sefine [12] and fl-p~y-L-lysine exhibit 
sin~e Amide III bands at 1234 [12] and 1240cm -~ [13]. 

The data on homop~ypepfides indicate that Amide ill peaks in the 1220-1240 
cm-~ region are diagnostic of the fl-conformation. We, the~fore, conclude that 
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the 1228 cm-* band of plasma membranes (and po~ iNy  the 1240 c m -  ~ sho~der)  
arises from fl-s~uctured pep~de. This con~nfion is consistent xviththe inDared and 
Raman spectra in the Amide I region. In accordance with the Amide I spectra, the 
Amide Ill spec~um of e n d o ~ a s m ~  m g c ~ u m  suggests a lack of f i - s t ru~u~ but 
firm condu~ons  a~e difficult due to background luminescence. 

1300-1500 c m -  ~ region 
We observe peaks at 1300, 1340, 1375, 1432, 1440 and 1460cm -~ with 

plasma membrane and 1340, 1370, 1450, and 1470 cm-~ with endoplasmic reficulum 
(Fig 3; Table I). Studies on various soluble proteins have assigned the bands 
between 1300 and 1400cm -~ to C-H deformation vibrations and cerlain ring fre- 
quencies of  aromatic amino acids [19]. The bands between 1430 and 1470cm - t  
arise from the CHe and CH3 deformation modes of both lipid and protein. 

1000-1200 era- ~ region 
The region (Fig. 3; Table I) contains mulfip~ scattering bands arising from 

C-C, C-N and phosphate stretching ~brations,  as well as #ore  tryptophan ring 
vibrations (1003 cm -~, 1015 cm-~).  The bands at near 1060, 1080 and l l30cm -~ 
can be ascribed to C-C stretching vibrahons of lipid acyl chains. The C-N stretching 
yield only weak bands in this region. The weak band at 1100 c m -  ~ is due to phosphate. 

The 1085 cm-~:  l l30cm - t  intensity ratio has been used as an index of acyl 
c h £ n  mobility because it decreases in model lipid systems as c h i n  motion increases 
[20,21], The intensity ratio 1 0 8 5 c m - ~ : l 1 3 0 c m  -~ of plasma membrane is 0.8 
whereas that of endoplasm~ reticulum is 1.2. This suggests that the fa~y acid chains 
of endoplasmic reticulum are less mobile than those of plasma membrane. This 
condu~on  fi~ our ev~uafion of the 2890 cm -~ : 2850 c m -  ~ intensity ratio and with 
resuRs using the liposome-melittin sys~m. Liposomes of dipalmitoyl ~d th in  and 
dipalmitoyl phosphatidylethanolamine yield 1085 c m - t  : 1130 crn -~ intensity ratios 
of  2.0 and 0.8 respectively. Binding of r e d , t i n  increases the ragos to 2.6 and 1.4, 
respectively, con~stent with the known acyl chain immobifization produced by this 
polypeptide. 

Conjuga~d doub~ bonds 
Endoplasmic reficulum membranes exhibit prominent peaks at 1528 and 

1155 c m -  ~. Both are lacking in plasma membran~ although this does show a shoulder 
near 1155 cm-~.  Both bands are less prominent when the samp~s are exceed at 
514.5 nm rather than at 488.0 rim. We have observed a strong band at 1530 cm-  l 
in erythrocy~ ghos~ ~ ]  and have ass~ned this to resonance~nhanced C=C s~etching 
vibrations of  c o ~ u g a ~ d  polyenes, probably carotenoids. The -C-C=  s~etching vi- 
brations of co~ugated  sy~ems yi~d a strong band at 1165 c m -  ~ in ~ee carotenoids 
and 1170 cm - t  in ghos t .  In ~-caro~ne and in ghos~ the bands near 1530 and 1170 
c m -  l are of  a p p r o ~ m a t ~ y  equiv~ent  intensity, but in rhodopsin ~2]  or bacterio- 
rhodopsin [23] the band near 1170 cm -~ is decreased in relative inten~ty as is 
the cases in endoplasmic reficulum. 

As documenmd in re~ 3 and 4, the plasma membranes and endoplasmic 
reficulum differ markedly in p ro ton  and lipid composition. The lack of carotenoid 
adds to these differences but its ~g~ficance is obscure at present. 
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Ring v~rat&ns 
Aromatic ring ~bmOons  are observed at 86~ 1003, 1015, 1340 and 1610 cm - ~. 

The 860 c m -  ~ is a chara~eristic of the p-hydroxyphen~ ring of tyros~e:  ~ e  strong 
band at 1003cm -~ arises from monosub~i tu~d  benzenes ~ . b  phen~MaNneL 
The 1015, 1340 and 1610 c m -  ~ bands are assigned to the indole tings of t ryptophan 
(Fig. 3: Table 1). 

Thermomop~m 
We have Mready shown that the 2890 c m - ~ : 2 8 5 0  cm 1 inten~ty ratio can 

serve as a measure of  lipid ac~ chain moMhty. We have a c c o r ~ n # y  ev~uated this 
ra6o in liposomes and plasma membranes as a function of temperature. In this, we 
did not use peak inten~6es buL for liposomes, the i n , g r a n d  scattering between 
the minima (Fi G I) at 2860 and 2900cm -1 (for the 2890cm - t  peak) venus the 
integrated scattering between the minima at 2830 and 2860 cm-  * (for the 2850 cm-  t 
peak). 

For plasma membraneL we in ,g ra t ed  between 2830-2860 and 2875-2895 
cm-~:  this was to avoid in~r~rence  due to the pro~in  band near 2910 cm-~.  Our 
reasons for the in~grafion approach were as follows. 

(a) The impo~ant  facto~ are the entire popMations of  bonds ~ving rise to a 
particular vibra~onal mode. Such a pop~a t ion  gives ~se to scattering over a range 
of Dequendes, not only at the peak Dequenc~ 

(b) Var~ng chain interactions can affect the width of C-H s ~ c h f n g  bands. 
Peak in~nsity of  broad bands cannot be evalua~d predse~,  whereas the sca l e , r i g  
i n , g r a n d  between two ~equendes can be very accurate. 

in our in~gration program, the photon counting ra~s at 2830 and 2860 c m -  i 

(2875 cm -~ for ~ a s m a  membrane) am used to establish the background for the 
in~rvals at  283~ 2860 and 2870 cm-1,  respe~ively. These two background values 
are then subtracted ~ o m  their respective to t~  v~ues to yidd the rdevant  net inK- 
grals. 

The plot of  the i n~ g r~  ratio against ~mpera ture  (FiG 2) for egg le~thin 
fiposomes shows a gradual decrease with increasing ~mpera ture  below 18 °C followed 
by a sharp drop cen t r ed  at 20 °C. This ~scon t in~ ty  does not represent the gd  
to l iqu~-crystal  ~an~f ion  of the phosphatide ac~  chains, which occu~ at approx. 

-5 °C (re~ 24 and Verma, S .~  and W~lach, D.F.H.,  to be pu~ished~ but may be due 
to a segregation process. 

Egg ~ t ~ n / c h o l e s ~ r o l  liposomes ( l : I molar ratio) ~so  show a ~scon t in~ ty  
in the plot of  the 2890 c m - I  :2850 cm-~ sca~e6ng ratio vs ~mpera ture  (Fig. 2). 
Howeve~ this tran~Oon now occurs over the whole temperature range studied and is 
centered at approx. 22 °C. 

Lippe~ and Peficolas ~0]  have evalua~d the gel to liquid-crystal tran~fion of 
d ip~mi to~  lecithin using the 1089 cm -~ : 1128 cm -a intensity ratio. They observe a 
sharp discontin~ty at 38 °C, near the known ~an~f ion  ~mperature ,  4l °C, and 
a t t~bu~  thor  low ~mpera ture  to locafized heating. They also found that c h ~ e s ~ r ~  
does not ab~ish  ~an~f ion  but broadens it and shi~s it to higher ~mperatures.  

Observations on saturated sys~ms ~0, 25] show that c h ~ e s ~ r ~  fluidizes the 
ac~ chains below gel to l i q ~ d - c r y ~  transition ~mpera ture  and immo~fizes them 
above the ~ansition ~mperature.  However, our resul~ on egg ~ t t h i n / c h o ~ s ~ r o l  
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liposomes (contorting unsaturated acyl c h i n s )  suggest that cho~sterol re~fic~ chain 
mo~lRy both above and below the 20 :C tran~fion, consistent with the sugge~ion 
that this tranfition may represent a segregation process. 

A plot of the 2890 cm-~ : 2850 cm-~ intensity ratio of  plasma membrane 
vesicles versus temperature also shows a striking discontinuity centered at approx. 
23 °C. The transition, although less broad than that of cholesterol/lecithin liposomes, 
s~ll suggests a lesser degree of c o o p e r a ~ t y  than is observed in le~thin ~posomes. 
Because of interference by protein bands, the amplitudes of  the transi~on in plasma 
membrane cannot be compared with that in liposomes (Fig. 2). It may represent a 
phase ~anfifion or a segregation phenomenon. 

G E N E R A L  D ~ C U ~ N  

We have already commented on various specifics of our Raman spectra and 
will now discuss their possible relevance to thymocy~ membrane structure and 
function. 

FirsL the Raman spectra indicate the presence of f l ~ u c t u r e d  polypeptide 
in plasma membranes of  rabbit thymocy~s and in~ared studies support  this observa- 
tion. In this s~uctural feature, the thymocyte membranes resemble the plasma mem- 
branes of rat adipocytes [26]. The possible relevance of fi-s~uctured po~peptide 
to the similar membrane t ranspo~ properties and insulin responses of the two cell 
types [27] rem~ns to be explored. 

Second, our Raman data demons~ate a thermotropic phase ~anfifion of  
plasma membrane lipids. If one corrects for the 2-3 ~C local heating due to the laser 
beam, one arrives at a transition temperature of approx. 21 ~C, which corresponds 
closely to that observed by ~eeze-~acture electron m~roscopy in the nuclear mem- 
branes of lymphoid cells [1]. We must now seek for an explanation of the fact that 
the nuclear membranes of  thymocy~s show reversib~ segregation of membrane 
proteins below 22 °C, whereas this is not observed in plasma membranes, even 
a~er  prolonged equilibration at 4 ~C [I]. 

We do not be~eve that the high c h o ~ e r o l  : phospholipid ratio (approx. 50 
tool. ~, [2]) of the plasma membranes is an adequate explanation. 

Our present data, together with those of  Lippe~ and Peficolas [20] clearly 
show that cholesterol does not abolish fipid tranfitions. Moreove~ our spectra 
indicate that the tranfifion in the plasma membranes is much sharper than that of 
the cholesterol : phosphoHpid liposomes despite the equivalent sterol : phospholipid 
ratios of the two systems. If  the breadth of the ~ansition is a clue to i~ "~ooperat i~ty"  
[20] the ~anfifion in the membranes is much more cooperative than expected on the 
basis of  cholesterol content. This could come about if the lipids participating in the 
tranfition have a lower cholesterol : phospholipid ratio than the total membrane, i.e. 
with a non-uniform c h o ~ e r o l  di~fibution. 

Since the c h o ~ e r o l  content of the plasma membranes cannot explain the 
lack of ~ f i b ~  protein-lipid segregatiom we reason, as before [I ], that those proteins 
represented by the intramembranous part~les in the plasma membranes of intact 
thymocytes cannot undergo u n r e s ~ d  motion within the membrane cores. The 
re~raining element could be membrane protein or membrane-asso~ated cytoplasmic 
protein, e.g. m~rofilaments. It is also conceivable that interactions between phos- 
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phofiNds that are tightly associated with membrane pro~ins prevent ~ m m m N c  
liN&pmmin ~ a t i o n .  
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