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A comparative study of lipids and proteins in sarcoplasmic rcticulum (SR) from rabbit and flounder has been undertaken. The 
protein/phospholipid ratio (w/w) was 3 : I in flounder SR (FSR) and 2.2 : 1 in rabbit SR (RSR). Both membranes had similar 
contents of PC (70%) and PI (6%). PE constituted 15% in RSR and 21% in FSR. PS and sphingomyelin were minor components 
of both SR (<  4%), There were differences in the unsaturated chahi~ c,f the total lipid extracts, PC, PE, and PI between FSR 
and RSR. RSR was high in linolcate and arachidonatc while FSR contained substantial amouuls of eieosapentaenoate and 
docosahexaenoate. FTIR spectroscopy revealed that the lipids of both membranes did not undergo a phase transition between 0 
and 50°C. The lipids were in the liquid-crystalline state at physiological temperatures and underwent monotonic increases in 
conformational disorder as the tcmperatu,c was raised. CD spectra indicated higher content of a-helical structure of proteins in 
RSR than in FSR. Increasing temperatt.e caused diminution of a-helix content. Relatively large decreases in ellipticity were 
observed between 200C and 40"C for FSR and 30°C and 60°C for RSR. Measurements of intrinsic t~ptophan fluorescence as a 
function of temperature gave similar results for membrane proteins in both t.~lx and RSR, The rate of change of tryptophan 
fluorescence and fluorescence lifetimes was constant over the temperature ranges studied, and no anrupt shifts in fluorescence 
occurred in the temperature regions where ellipticity decreased rapidly. 

Introduct ion 

Many species of lipids exist in any given biological 
membrane.  It is accepted that  the physical milieu ere- 
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ated by membrane  lipids can influence the physio- 
logical and biochemical functions of the membrane.  
The detai ls  of l ip id-pro te in  interactions, however, are 
far from being resolved as yet. We do not know, for 
example,  why one membrane  may have a substantial  
quanti ty of chains with two or four double bonds in its 
lipids, whereas  another  might  have a high quanti ty of  
chains with six double bonds. Physical-chemical studies 
on model  systems suggest that  such changes in degree 
of unsaturat ion may not cause major changes in bulk 
properties,  such as overall viscosity, in the membrane.  
The membrane-specif ic  occurrence of selected lipids, 
however, might well cause more subtle differences be- 
tween their  respective membranes,  such as different 
degrees  of mixing or demixing of lipids, or selective 
interactions at specific p r o t e i n / l i p i d  int~;rfaces. 

in biological membranes,  contrary to model systems, 
the permutat ion of the various headgroups, chain 



lengths and degrees of unsaturation results in the exis- 
tence of thousands of different lipids, of which several 
hundreds can be present in the same membrane. Yet 
the lipid/protein ratio is relatively well defined for 
each membrane (for review see, for example, Ref. 1). 
This suggests a rigorous adaptation of the lipid cornpo- 
sition to specific functions and specific environ~ents. 
As a part of our on-going studies on the physical-chem- 
ical and physiological consequences of lipid variations 
in biological membranes adapted to different condi- 
tions, we have begun a detailed investigation of (Ca 2÷ 
+Mg2+)-ATPase in the sarcoplasmic reticulum of 
winter flounder which can live ever a range of - 1.8°C 
to 25°C, and of rabbit with a body temperature of 37°C. 
We have observed that the temperature optima, denat- 
uration temperatures, effective ATP binding er~- 
thalpies, activation energies ant' the temperature de- 
pendencies of  Km and I/m were different for the en- 
zyme from the two sources [2]. This investigation is 
limed at helping to elucidate whether differences in 

the proteins or the lipids, or both, between the two 
membrane sources may be associated with the kinetic 
differer.ces. 

Methods 

Sarcoplasmic reticulum from white skeletal muscle 
from the back and legs of New Zealand rabbits (RSR) 
and the white expaxial muscle of winter flounder (FSR) 
were prepared as described by East and Lee [3]. After 
being caught by divers, the flomader had been main- 
tained in tanks of running sea water at environmental 
temperature for 2-6  weeks before u~e. Samples of 
sarcoplasmic reticulum were stored in liquid N 2 in 0.25 
M sucrose, 1 M KCI, 50 mM potassium phosphate (pH 
8.0) at concentrations of between 23 and 44 mg pro- 
tein/ml.  The materials showed one major band on gel 
electrophoresis corresponding to a molecular mass of 
100-110 kDa, consistent with that of (Ca2++ Mg2+) - 
ATPase. Visual inspections of the gels after staining 
with Coomassie blue suggested that the band com- 
prised 70% or mort. of the protein present. The prepa- 
rations remained active for over six months under 
these conditions, but the samples examined in these 
experiments were used after shorter storage periods. 

Total lipid extracts were obtained by the method of 
Bligh and Dyer [4] from suspensions of membrane 
preparations using solvents containing --- 0.01% hydro- 
quinone. Lipid extracts were stored in the dark at 
-70°C.  Manipulations were carried out as much as 
possible in reduced lighting conditions and in :h.' pres- 
ence of solvents purged with N 2 or Ar to remove 0 2. 
Phospholipids were separated by thin-layer chromatog- 
raphy of silica gel G according to the method of 
Touchstone et al. [5] using a solvent mixture of chloro- 
f o r m /  m e t h a n o l / 2 - p r o p a n o l / w a t e r / t r i e t h y l a m i ~ e  

(30: 9: 25 : 7 : 25, v/v). After charring with 70% H 2SO4, 
phospholipids were quantitated by phosphorus assay as 
described previously [6,7]. 

Following 4.5 hours of transmethylation of the lipid 
in a mixture of absolute methanol and concentrated 
sulphuric acid (47:3, v/v)  plus a small amount (-- 
0.01%) hydroquinone at 65°C, the methyl esters were 
extracted [7] and the fatty acid composition was deter- 
mined by gas chromatography using a Perkin-Elmer 
8310 apparatus (Norwalk, CT) equipped with 30 m x 
0.25 mm capillary column coated with SP2330 (Supelco 
Inc., Bellefonte, PA) operatea at 180°C. Fhe injection 
port and detector oven were maintaine,2 at 230°C, The 
carrier gas was helium and flame ion,zation detection 
was employed. Methyl heptadecanoate was used as an 
internal standard. Peaks were identified by comparison 
of retention times with those of known standards. 

Protein content was determined b) ~.ll~ ,nediod of 
Lowry et al. [8]. ATP hydrolysis activity of (Ca2++ 
MgZ+)-ATPase was estimated by incubation of 10 or 
25 p.g of RSR or FSR membrane protein, respectively, 
in the presence of 50 mmol I- t 3-morpholinopropane- 
sulfonic acid (pH 7.0), 5 mM MgCI 2, 1.1 mmol 1 -I  
CaCI~., 1 mmol I -~ EGTA and 80 mmol 1 -I KCI. The 
reaction was started by addition of ATP (final concen- 
tration 1 mmol I- ' ) .  Hydrolysis of ATP was monitored 
spectrophotometrically usin~ the coupled assay method 
of Anderson and Murphy [9]. This metlrod employed 6 
units per ml of pyruvate kinase (Sigma), 10 units per ml 
of lactate dehydrogenase (Sigma), 2 mM phospho- 
enolpyruvate and 0.28 p.g NADH in the rea.ction eu- 
vetle. 

Samples for Fourier transform infrared spectroscopy 
(FTIR) were prepared by suspending the materials in 2 
mM Tris, 10 mM KCI, 0.1 M sucrose (pH 6.8), and 
centrifuging the~-, to obtain a pellet which was about 
10% solids, The pellets were examined using a Harrick 
cell (12 p.m path length) equipped with CaF2 windows, 
a 'Teflon' spacer and a jacket through which ther- 
moregulating fluid was passed, lnterferograms were 
acquired with a Sirius 100 spectrophotometer (Mattson 
Instruments, Inc., Madison Wl) equipped with a 
HgCdTe detector. Routinely, 200 interferograms were 
collected, co-added, apodized with a triangular func- 
tion, subjected to one level of zero filling and Fourier 
transformed to give a resolution of 4 era-~ with data 
encoded every 2 cm- i .  Temperature was controlled 
(estimated accuracy, I 'C) with a circFdating bath (Model 
A80; Haake Buchler Instruments, Inc., Saddle Brook, 
N J) and monitored with a digital thermometer whose 
thermocouple sensor was placed close to the windows 
of the cell but not in the optical path. Frequencies 
were measured with a parabolic peak picking program 
supplied with the instrument software. The spectrum 
of water, matched for temperature and path length, 
was subtracted from all spectra. Residual sloping base- 



lines were removed with a linear baseline routine. 
Control experiments with sucrose have shown that its 
contribution to the CH stretching mode is negligible 
under these conditions. 

Circular dichroism (CD) and fluorescence measure- 
ments were made in the assay buffer described above 
(no ATP, no coupling factors present) at a concentra- 
tion of 0,2 m g / m l  for CD and 10 tzg/ml  for fluores- 
cence measurements. During these measurements tem- 
peratures were maintained within 0.5 C ° or less of the 
nominal temperature. The spectra shown are represen- 
tative of those obtained from at least two samples. 

Circular dichroism spectra in a temperature range 
of 4-80°(2 were recorded on a JASCO J-500A spectro- 
polarimcter using a jacketed far-UV quartz cell with a~l 
effective path length of 0.1 cm. After equilibration for 
5 rain at each temperature 16 spectra in the range 
200-250 nm were collected, the signals were averaged 
and the corresponding baseline of the buffer was sub- 
tracted. Samples were then heated to the next temper- 
ature. The total heating equilibration and measure- 
ment time was approx. 15 min for each temperature 
studied. The a-helix content of proteins was calculated 
from the average spectra according to Siegel et hi. [10]. 
A value of 110 was used for the mean residual weight 
for amino acids in (Ca2++ Mg2+)-ATPase from the 
sarconlasmic reticulum [11]. The calculations were 
made for 13 data points at various wavelengths for 
each spectrum. Data are presented as the estimated 
value + 1 S.D. of the estimate. 

Measurements of intrinsic tryptophan fluorescence 
in membrane proteins of SR were obtained by three 
different methods. All three types of fluorescence mea- 
surements were obtained over the range 10-500C with 
the absorbance of the sample below 0.15 at 295 nm, 
The heating equilibrations and measurement times 
were the same as those used for CD measurements. 
Absorption spectra were measured on a Varian DMS 
200 spectrophotometer. 

Steady-state fluorescence was measured on a Shi- 
madzu RL-J40 spectrofluorometer in ,,he ratio mode 
with polarizers to eliminate anisotroplc effects. Correc- 
tions were made for the signal from the appropriate 
blank and the wavelength dependence of the instru- 
ment response. The excitation wavelength was 295 nm 
and the emission spectra were recorded in a range 
300-450 nm. 

The steady-state fluorescence anisotropy was also 
measured on SLM 8000 C spectrofluorometer with 
polarizers. The fluorescence anisotropy, r, was defined 
as: 

I1~- GI j. (I) 
r= III.L2GI ± 

where 111 and 1± are the fluorescence intensities with 
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the analyzer parallel and pr:rpendicalar to the vertical 
polarizer, respectively. G represents the ratio of sensi- 
tivities of the detection system for vertically and hori- 
zontally polarized light [12]. 

Time-resolved fluorescence measurements were 
performed by using the technique of time-correlated 
single photon counting with instrumentation described 
in detail previously [13]. The excitation source was a 
cavity-dumped dye laser synchronously pumped by an 
actively-locked argon ion laser (Spectra Physics) oper- 
ating at 825 kHz with a pulse width of 15 ps. Emission 
at 320, 340, or 360 nm following vertically polarized 
excitation at 295 nm was detected (right-angle geome- 
try) after passing through a polarizer set at 550 to the 
vertical and a Jobin Yvon H10 monochromator (Jobin 
Yvon Instruments SA, Metuchan, N J), with a 4-nm 
band-pass, on a Hamamatsu 1564U-01 microchannel 
pIa~e pbotomultiplier. Data were collected in 1024 
channels with a width of 21.6 or 10.8 ps/channel .  A 
buffer blank was also measured under conditions iden- 
tical to those of the corresponding sample. The ob- 
tained data were analyzed with the non-linear least- 
squares iterative convolution method based on the 
Marquardt [14] algorithm. The criteria for the ade- 
quacy of a particular experimental model which were 
applied in these analyses are discussed in Refs. 15 and 
16. 

Results 

(Ca2++ Mg2+)-ATPase activities of sarcoplasmic 
reticulum from flounder (FSR) assayed at 29°C (where 
the enzyme was most active) were 2.9 + 0,3 (x  + S.D., 
n = 4) p, mol ATP hydrolyzed per min per mg protein. 
The enzyme from rabbit sarcoplasmic reticulum (RSR) 
had activities at 370C between 4 and 7/~mol ATP per 
min per mg protein. 

The phospholipid (taken as 25 times the weight of 
lipid phosphorus) to protein ratio was independent of 
season for both SR, and it was slightly higher in FSR 
(3,0:1) than in RSR (2.2:1). Both membranes had 
similar contents of phosphatidylcholine (70% of recov- 
ered phosphorus) and phosphatidylinositol (6%) as 
shown in Table I. Phosphatidylethanolamine consti- 
tuted 15% in RSR and 21% in FSR. Both SR had less 

TABLE I 
Phospholipid composition of SR (wt% of recm'ered phosphones) 

RSR FSR 

Sphingomyelin 3.7 0,7 
Phosphafidylcholine 69.8 70.0 
Phosphatidylserine 2.5 0.8 
Phosphatidylinositol 6. I 5,5 
Phosphatidylet hanolamine 14.7 20,5 
Unknown 3.3 2,6 



than  3 %  phosphat idylser ine  and  less than  4 %  sphingo-  
myelin. 

'The fish lipid genera l ly  con ta ined  more  unsa tu ra t ed  
cha ins  than  tha t  of  the rabbit.  The  composi t ions  were  
like those found  for  s imilar  p repa ra t ions  of  R S R  and  
F S R  previously [2] even though  the FSR measu red  
here  was  ob ta ined  from fish at a lower t empe ra tu r e  
(about  -1.5°(?.,) than  the FSR measu red  before  [2]. 
The re  were  significant di f ferences  in the na ture  o f  the 
unsa tu r a t ed  chains  be tween the total lipid extracts  
f rom FSR and  R S R  (Table II). As  seen previously 
[2,17], the R S R  had  high p ropor t ions  of  pa lmi ta te  
116:01, o leate  118:11, and  l inoleate 118:21. The  F S R  
had  relatively large amoun l s  o f  the  (n  - 3) polyunsatu-  
ra ted  chains ,  e i cosapen taenoa te ,  2 0 : 5  (16 .5 -18 .9%)  
and  docosahexaenoa te ,  2 2 : 6  (23,2%). It con ta ined  
about  24.5% palmita te ,  and  9 . 4 - 1 ! . 8 %  oleate;  there  
were  only small conten ts  o f  l inoleate (0 .9 -1 .3%)  and  
a rach idona te ,  2 0 : 4  (3 .0-3 .3%).  These  f indings were  
consis tent  with observat ions  o f  Luo  and  Hul t in  [18], 
a l though  these au thors  found  somewha t  more  ( n -  3) 
fat ty acids.  Fat ty  acids o f  the three  main individual 
phosphol ip ids  o f  FSR and  R S R  (PC, PE,  PIt,  genera l ly  
ref lected the  di f ferences  in unsa tu r a t ed  cha ins  that  

were  seen in the total lipid extracts.  PC, being the most  
substant ia l  phosphol ipid ,  was most  similar to the total 
lipid extract  in its ratty acid composi t ion.  PE from both 
sources  was the ~.;hospholipid which con ta ined  the 
highest  a m o u n t  of  unsa tu r a t ed  chains ,  par t icular ly  
chains  with four ,  five and  six double  bonds.  PI f rom 
both sources  showed large amoun t s  of  s teara te  a n d  a 
fair  p ropor t ion  o f  a rach idona te ,  it  is no tewor thy  that  
the high conten ts  o f  those acids seen in PI f rom mam-  
mal ian  sources  (see, for  example ,  Refs.  19 and  20) 
occur  also in PI f rom the fish. 

The  the rmot rop ic  behavior  o f  the  lipid const i tuents  
of  R S R  a n d  F S R  is convenient ly  moni to red  [21] t h rough  
t empera tu re - induced  a l te ra t ions  in the  f requency  of  
the C H  2 symmetr ic  s t re tching modes  of  the  lipid acyl 
chains  nea r  2850 cm-= .  This  spectral  fea ture  is one  o f  
the s t ronges t  in the IR  spec t ra  of  phosphol ip ids  and  
suffers  no in te r ference  f rom prote in  bands .  The  fre- 
quency  ranges  f rom about  2849 cm-~  for  gel phase  
phosphol ip ids  to abou t  2854 c m -  t for phosphol ip ids  in 
the liquid crystall ine state.  A l though  these f requency  
changes  are  small,  they may be moni to red  with a 
precision o f  0.05 e m - I  or  bet ter .  The  origin o f  the 
f requency increase has  been  t raced  by Snyder  et  al. [22] 

TABLE II 

Fatty acid t~mpositinn of lipids of FSR and RSR in,t%) 

FSR t, early summer, water temperatures 8°C. FSR 2, winter, water temperatt:re - 1.5°C. n.d., not detected. 

Fatty acid Total lipid PC PE PI 

FSRI " FSR z RSR= ~ RSR 2 FSR RSR FSR RSR FSR RSR 

14 : 0 3.0 2.4 1.2 1.9 2.9 I. I 1.1 2.4 0.9 1.2 
16 : 0a h 0.9 l.I 3.5 5.4 11.9 2.6 1.9 9.3 n.d. 0.5 
16: 0 24.6 24. I 31.0 25.0 30.9 41.5 I 0. I 14.5 8.6 I 1.7 
16:1 3.2 1.8 2.2 2.0 3.0 0.7 1.2 11.6 1.0 0.8 
18: 0 3.5 4.5 7.5 8.0 1.1 2.2 3. I 10.5 27.0 42.8 
18:1 11.8 9.4 15.11 19.2 10.5 14.2 14.3 12.2 9.6 5.9 
18: 2 0.9 1.3 17.1 12.1) I.I 22.2 1.2 7.6 0.8 4.4 
18:3 0.2 n.d. 1.4 1.2 0.3 0.9 n.d. n.d. 0.1 n.d. 
18: 4 0. I 0.9 n.d. 0.4 n.d. n.d. n.d. n.d. n.d. n.d. 
20:0 0.2 n.d. n.d. 0.2 0.2 0.l 0.0 1.8 0.7 n.d. 
20 : 1 3.6 1.6. 0.2 0.2 1.7 0. I 9.9 n.d. 5.1 n.d. 
20: 2 0.2 n.d. 11.3 0.8 0.3 0.4 n.d. n.d, 1.0 0.7 
20: 3 0. I 11.2 1.3 1.3 0.2 1.3 n.d. 1.9 0. I 2.4 
20:4 3.11 3.3 L! 8 ~ 2.3 6.8 3,0 15.1 8.4 16.7 
20:5 16.5 18.9 0.8 0.9 18.4 0.7 12.3 1.3 10.4 0.6 
22:0 n.d. n.d. 0.1 n.d. 0.1 n.d. n.d. n.d. 0.1 n.d. 
22:1 0.4 n .d. n .d. n .d. 0. I n .d. 1.0. n.d. n.d. n .d. 
22:4 0.2 1.0 1.6 n d. 0.3 0.8 n.d. 3.4. 0. I n.d. 
22 : 5 2.2 2.4 2.5 3.0 2.3 1.8 3.0 7.6 2.5 2.2 
22:6 23.2 23.2 1.0 2.4 22.1 0.5 33.2 2.7 19.5 1.3 
24: 0 0.1 11.5 11.2 0.3 0.1 0.3 0.5 2.6 0,4 1.8 
24:1 0.7 0.8 11.5 2.0 0.8 0.7 1.9 2.4 0.9 1.5 
Other 1.4 2.6 4.5 5.0 0.8 1.5 1.8 4.3 0,9 4.6 
Total satd. 31.4 31.5 40.0 35.4 35.3 45.2 15.4 31.8 37.7 57.5 

(32.3) ~ (32.6) (43.5) (40.8) (36.2) (47.8) 117.31 (41.11 (37.7) (58.0) 

a Data from Vrbjar et al. [2]. 
b Tentative identification as hcmiacetal of 16:0 aldehyde. 

Numbers in brackets include 16:0a. 
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Fig. 1, Temperature dependence ol the symmetric CH 2 stretching 
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to changes in the interaction constants between C - H  
stretching coordinates on adjacent methylene groups 
when the lipid physical state is altered (e.g. through the 
formation of gauche rotamers). Although no rigorous 
correlation exists between the frequency and the extent 
of acyl chain disorder, the utility of this parameter as a 
qualitative indicator of the membrane physical state 
has been amply demonstrated [23]. 

The temperature dependencies of the 2850 cm-= 
mode for FSR and RSR are plotted in Fig. 1. Within 
the limits of the experimental scatter, no indication of 
a lipid phase transition in either saatple is evident over 
the studied ranges, although a monotonic increase in 
lipid disorder is seen as evidenced by the frequency 
increase when the temperature is raised for both RSR 
and FSR. It is interesting that the frequency for FSR is 
0.8 c m- i  higher than for RSR at 5°C which is consis- 
tent with the substantially higher level of unsaturation 
in the former leading to more disordered lipid acyl 
chains. However, the difference in frequency gets 
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smaller as the temperature is raised so that at 30*(2, 
the difference is only 0.2 cm-n. 

Fig. 2 demonstrates representative CD spectra of 
SR membranes at various temperatures. There was less 
negative elipticity in FSR than in RSR. Elipticity de- 
creased with increasing temperature for both mem- 
branes. Plots of measured 0 m at 222 nm (a value often 
used as an indicator of the a-helix content in proteins) 
versus temperature suggested a diminution of a-helix 
content with increasing temperature (Fig. 3). A calcula- 
tion of the a-helical content from the measured spec- 
tra by the method of Siegel et al. [10] as a function of 
t~mperature is shown in Fig. 4. Membrane proteins in 
FSR exhibited lower cx-helical content than in RSR. 
There was a decrease in the calculated a-helical con- 
tent of the proteins over the range 20-38°C in FSR 
and between 30 and 60°C in RSR. 

The steady-state fluorescence spectra are shown in 
Fig. 5. in the range 10-50°C the fluorescence of intrin- 
sic tryptophans in both membranes declined progres- 
sively with increasing temperature. At all temperatures 
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t empera tu re ,  o - - - - o ,  Rabb i t ;  O O ,  f l ounder .  T h e  e r ro r  

ba rs represent  + S.D. o f  t i le  est imate,  
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Fig. 5. Steady-state fluorescence spectra of  Trp in membrane pro- 
teins in SR as a function of temperature. The samples were excited 
at 295 urn. Fiuorgst2euce is uotmalized to equivalent protein concen- 
trations in both samples. The temperatures of both the samples for 
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the signal was lower for FSR than RSR. A second set 
of  SR preparations heated from 10 to 65°C showed a 
similar progressive decline in fluorescence without no- 
table dislocations. Heating caused a progressive red 
shift (about 5 nm over 10 to 65°C) of the tryptophan 
emission for both samples. Again, no significant dis- 
continuities with temperature were observed. Plots of 
the areas under the curves versus temperature resulted 
in two analogous straight lines (Fig. 6). Fluorescence 
anisotropy measurements also were similar for both 
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Fig. 6. Intrinsic tryptophao fluorescence in SR as a function of 
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membranes with each showing a slight diminution of 
anisotropy with increasing temperature (Fig. 7). 

Time-resolved emission measurements were made 
in an attempt to identify differences in behavior of 
tryptophat~ residues in proteins from FSR and RSR. 
The results of global analysis of decays from a series of 
emission wavelengths are given in Figs. 8 and 9. A 
three-exponential fit was required to describe the emis- 
sion from FSR and RSR at most temperatures. Gener- 
ally the lifetime of all three components decreased 
with increasing temperature in similar patterns for 
both membranes (Fig. 8), although the temperature 
dependence was very slight for the short lifetime com- 
ponents (Part 3, Fig. 8). Fractions of fluorescence for 
the two components with shorter lifetimes increased 
slightly with temperature at the expense of the long- 
lifetime component (Fig. 9). 

Discussion 

Our observation showing protein/phospholipid ra- 
tios (w/w) of 3:1 in FSR and 2.2:1 in RSR is in 
agreement with data from other laboratories. Sarco- 
tubular membrane from skeletal muscle of various 
species exhibit different protein/phospholipid ratios, 
e,g., rabbit 1.9:1, rat 2.4:1, chicken 3.3:1 and man 
4,3:1 [24], The content of individual phospholipid 
classes in rabbit SR was similar to results reported by 
others [24-26]. FSR exhibited a phospholipid composi- 
tion similar to RSR except it bad a slightly higher 
proportion of PE (20.5%) than RSR (14.7%). 

The fatty acid compositions of total lipid extracts of  
SR from flounder were not substantially different for 
samples from the fish in the winter (water temperature 
about -1.5°C) and late spring (water temperature 
about 8°C). They were characterized by high contents 
of eicosapentaenoate, and docosahexaenoate, and the 
predominant saturated fatty acid was palmitate. While 
these results are generally in agreeme,t  with those 
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published by Luo and Hultin [18], they observed that  
fish captured in winter  had a higher proportion of 
docosahexaenoate in SR than fish caught  in summer.  
The differences between these observations could have 
resul ted from acclimation of the fish to different local 
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FiB. 9. Temperature dependence of fraction of  fluorescence associ. 
ated with each lifetime: Open symbols are for RSR and solid symbols 
for FSR. The thn;e emission wavelengths monitored are 81yen in 
separate panels, Values are normalized per un:t of  protein in each 

sample. 

w a t e r  tempera tu res .  T h e  p r i nc i pa l  d i f fe rences  be tween  
the l ip ids  o f  F S R  and  R S R  res ided in  the fa t ty  acids. 
T h e r e  was a substant ia l l y  h ighe r  to ta l  o f  18-carbon 
(C  as) acids (s tearate p lus  o lea te  p lus l i no lea te )  in R S R  
than  in FSR,  FSR,  on  the o t h e r  hand.  had a m u c h  



greater proportion of C20 plus C22 acids than did RSR. 
Various groups have found a dependence of ATPase 
activity from RSR on acyl chain length using purified 
(Ca 2~ + Mg2+)-ATPase in reconstituted systems [27- 
29]. It is possible that differences in chain lengths of 
surrounding lipid might contribute ~o higher activity of 
(Ca2++ MgZ+)-ATPase in RSR than in FSR at tem- 
peratures above about 30°C [2]. However, previous 
reeonstitution experiments of RSR (Ca2++Mg2+) - 
ATPase with species of phosphatidylcholine containing 
monoenoie chains are somewhat equivocal as to the 
optimal chain length, with values of Ct~, C_,~j and C22 
appearing to be optimal in different studies [27-29]. 

In contrast to FSR, RSR had high contents of 18:2 
and 20:4, typical mammalian ( n -  6) polyunsaturated 
acids, and the (n - 3) acids were low. Fatty acid com- 
positions of individual phospholipids in RSR and FSR 
in general reflected the differences as seen in their 
total lipids. In FSR compared to RSR all major phos- 
pholipids exhibited higher proportions of 20:5 and 
22 : 6, together wilh lower contents of 18: 2 and 20: 4. 
Thege differences might have an influence on the AT- 
Pase activities seen in RSR and FSR. Croset et al. [30] 
found that consumption by mice of diets rich in (n - 3) 
acids resulted in some increase in the proportion of 
these acids in SR. There were concomitant effects on 
calcium uptake, but not on ATPase activity of the 
(Ca'++Mg2÷)-ATPase. The amoums of the (n-3) 
acids seen, even in the enriched mammalian mem- 
branes, however, were much less than that found in the 
FSR. Soler et al. [31] found that dietary supplementa- 
tion with (n - 6) acids caused an increase in the (n - 6) 
acid content and a decrease in cholesterol content of 
chick heart muscle mierosomes without having substan- 
tial effect on the ATPase or calcium accumulation 
activities. In this case, however, enrichment was with 
the (n - 6) fatty acids usually found in the micr0somes 
of mammalian muscle, and so the proportions, but not 
the nature, of unsaturated chains around the ATPase 
had been changed. The FSR differs from the RSR in 
both the propo~ion and the nature of its unsaturated 
acyl chains. 

FTIR indicated that lipids of membranes from both 
sources are disordered at their respective physiological 
temperatures. No abrupt change in the amount of lipid 
motion was seen over the temperature ranges investi- 
gated. So there were no direct correlations between 
changes in the overall lipid order and motion as moni- 
tored by FTIR and the abrupt changes in K m seen for 
the ATP hydrolytic activity in the two sources [2], This 
suggests that any modulation of enzymatic function by 
the lipid environment is not the result of gross differ- 
ences in bulk physical properties of the lipids. Based 
on previous work, gross differences in physical proper- 
ties of these unsaturated lipids would be unexpected 
(see, for example, Refs. 32-36). More likely, lipid 

modulation of en~matic activity would arise from .~;ub- 
tie, but important, differences between the membranes 
in the ways in which the lipid-protein interac:ions 
occur. Two such subtle differences are apparent in Fig. 
1. The first is that the degree of disorder and motion 
indicated by the freque;:cy at their respective physio- 
logical temperature~ is almost the same for FSR and 
RSR. Second, the rate of change of the frequency with 
temperature of the 2850 cm- ~ mode was less for FSR 
than for RSR. This indicates that the rate of introduc- 
tion of disorder into the acyl chains as temperature is 
increased is less for FSR than for RSR, and that it is 
controlled by the nature of acyl chain unsaturation. 
The smaller variability in lipid disorder may be essen- 
tial for the flounder's viability over the range - 1.8°C 
to about 25°C. 

The circular diohrolsm spectra of the membranes 
from the two sources provide some insight into the 
structural changes of proteins in SR induced by varia- 
tion of temperature. The spectra were checked for the 
effect of optical flattening by the method of Sops and 
Fajszi as described previously [37]. In the case of each 
membrane, the average number of particles in the light 
path was calculated to be essentially constant over the 
whole temperature range studied. This suggests that 
the effect of the vesicular nature of the samples on the 
CD spectra would be similar at all temperatures. Be- 
low 30°C the pioteius in RSR exhibit a calculated 
a-helical content of around 45%, which is in agreement 
with estimates using other approaches. An a-helix con- 
tent of 52% in the ATPase has been predicted on the 
basis of amino acid sequence [38]; Raman spectro- 
scopic studies suggested 50% [39]; FTIR showed 45% 
[40]; and another CD study [41] yielded 46% of a-helix 
content for (Ca2++ Mg-'+)-ATPase in rabbit SR. Be- 
tween 30 and 60°C the a-helical content decreased 
from 45% to 18%, comparable to the diminution of 
a-helical content observed by Krebs et al. [42]. The 
protein is denatured above 550(2 as is suggested by 
other work in this laboratory (unpublished results) 
which indicates that the enzyme in RSR begins to lose 
its activity above about 51°C. The activity loss corre- 
sponds with thermal denaturation events seen by dif- 
ferential scanning calorimetry [2,43,44]. There was a 
significant change in the a-helical conte,lt of RSR at 
temperatures (30-45°C) which were below those where 
calorimetric denaturation and loss of ATPase activity 
were found. The onset of the change in ellipticity at 
222 nm which occurred in the range of 24-28°C corre- 
sponded approximately to the temperature where a 
change in the temperature-dependency of the K m of 
the RSR ATPase occurred [2]. The calculated a-helical 
content of the RSR (Fig. 4) showed a more discrete 
change between 28 ° and 32°C which corresponded 
closely with the change in K m seen previously [2]. 
Compared to those in RSR, the proteins in FSR exhib- 



ited lower a-helical content at all temperatures stud- 
ied. There was a diminution in the calculated value of 
RSR a-helix from 18% at 20°C to a value of 7% at 
40°C. As was the case for RSR the temperature where 
the FSR proteins started to lose a-helical content 
corresponded approximately, although a little less dis- 
cretely, to the temperature where the K,, value for 
(Ca'-++ Mg-'+)-ATPase started to rapidly increase [2]. 
The completion of the change in a-helical content of 
FSR near 35°C corresponded to the loss in ATPase 
activity in FSR in a similar fashion to the end of the 
CD ch',nge and activity loss in RSR. A calorimetri- 
cally-observat~e transition was seen in FSR near 35°C 
which correlated with thermal denaturation of the en- 
zyme [2]. It is perhaps a bit surprising that the two 
preparations show such a difference in a-helical con- 
tent. One might expect the structure of the major 
protein, (Ca2++ MgZ+)-ATPase, to be similar in both. 

• While we cannot unequivocally eliminate the possibil- 
ity, we believe that the differences in the CD spectra 
are probably not due in large part to different degrees 
of membrane purification [2] or to t~plieal artifacts. The 
view that some structural differences may exist is 
strengthened somewhat by the dissimilar behaviour of 
the RSR and FSR seen in high sensitivity differential 
scanning calorimetry [2]. Further work on this point, 
however, would be necessary to reach an unequivocal 
conclusion. 

The CD data suggest that some changes in sec- 
ondary" structure starting at near 20°C for FSR and 
3fl°C for RSR are associated with the changes in the 
temperature dependencies of K m for ATP in both 
FSR and RSR. Total loss ol activity is associated with 
further structural changes at higher temperatures [2]. 
The reversibility of the CD changes at lower tempera- 
ture is undetermined. Samples of FSR were heated at 
28°C for 2 h in the CD cell and the resulting loss of CD 
signal intensity relative to that at 15°C was not recov- 
ered when the samples were subsequently incubated at 
15°C for 20 h. Similarly samples of RSR heated to 37°C 
for 2 h did not regain signal intensity lost relative to 
initial values at 20°C when the samples were incubated 
at 20°C for 18 h or at 2I)°C followed by 4°C for 18-2(I h 
each. Although these studfies suggest that the CD spec- 
tral changes may be irreversible, they do not eliminate 
the possibility of refolding occurring if other protocols 
were employed. It is noted also that CD signals from 
the SR do not arise only from the (Ca-'++Mg-'+) - 
ATPase, although it is the predominant protein of each 
membrane. 

Steady-state fluorescence results showed higher sig- 
nal intensity for intrinsic tryptophan fluorescence of 
proteins in RSR than in FSR over the range of temper- 
ature studied. Temperature-induced changes in fluo- 
rescence spectra were similar for both membranes. The 
decrease in the fluorescence signa!s at the wavelength 

of maximum emission did not display any dramatic 
changes which corresponded to the changes in CD 
spectra in the range of 20-411°C for .~'~JR and 3II-60°C 
for RSR. Lepock etal .  [44], monitoring emissions at 
340 nm in light SR, detected a change in intrinsic 
fluorescence between 411 ° and 50°C. On the other hand, 
East and Lee [3] observed a smooth decrease in intrin- 
sic tryptophan fluorescence from (Ca a+ + Mg-'+) - 
ATPase reconstituted in pure dioleoylphosphatidyl- 
choline vesicles over the temperature range of Itl-5tl°C. 
The temperature-dependence of tryptophan fluores- 
cence seen here in SR membranes was similar to 
behavior of tryptophan in glycerol [45]. Thus while the 
observed decrease in fluorescence intensity could have 
resulted from structural changes in the proteins, they 
might also be related to general temperature-induced 
quenching of fluorescence. In our sample the progres- 
sion of the emission maximum to higher wavelengths, 
however, suggests some exposure of the intrinsic tryp- 
tophan to a more hydrophilic environment. Thus a 
structural change that affects the tryptophan environ- 
ments apparently occurred in our samples, but it was a 
gradual one over the range of temperature investi- 
gated. The emission anisotropy also declined with in- 
creasing temperature in a similar fashion for both 
membranes. 

Time-resolved fluorescence spectra suggest that the 
proteins in both membranes contain at least two popu- 
lations of tryptophan residues, which are characterized 
by different fluorescence lifetimes. A third group of 
tryptophans with the shortest fluorescence lifetime was 
also observed, but it represented only a low fraction of 
the fluorescence. The temperature-induced changes of 
individual fluorescence lifetimes and fractions of fluo- 
rescence were similar for RSR and FSR. 

The close matching of the fluorescence properties 
might reflect a similar matching of the structures of the 
protein and lipid/probe interface and in each mem- 
brane. (Ca-'++ Mg2+)-ATPase comprises at lea,,t 711% 
of the SR proteins in both membranes [2]. A th:'ee-di- 
mensional model derived from the primary sequence of 
the ATPase has been proposed, in which I I out of the 
13 tryptophans are located in the intramentb;anous, 
hydrophobic portion of the protein [11,38]. Various 
experiments employing quenching of the membrane- 
embedded t~ntophans have indicated that these fall 
into two categories, residues that are close to or at the 
lipid/protein interface, and residues that are more 
deeply buried in the protein and away from the lipid- 
protein junctions [3,46,47]. Based on their studies of 
quenching of tryptophan fluorescence of the (Ca"+ 
Mg -~+)-ATPase, Frond et al. [46] suggested that about 
50% of the intramembrane trypto~an residues are 
located close to the lipid/water im~.~face. The st:'uc- 
tural predictions and previous data could support the 
interpretation that there were tryplophans in three 



env i ronments  as sugges ted  by ou r  t ime-resolved fluo- 
rescence da ta .  

O u r  measu remen t s  of  intrinsic t ryp tophan  fluores- 
cence  show no  d ramat i c  changes  in the t empera tu re  
ranges  s tudied  whereas  C D  ~ihowed loss of  s t ruc ture  
over a somewha t  more  def ined t empe ra tu r e  regions.  
This  might  suggest  that  s t ruc tura l  changes  observed by 
c i rcular  d ichroism are  associated with pa r t s  o f  prote in  
which a re  relatively deple ted  o f  t ryp tophan  residues.  
Thus  the changes  o~" secondary  s t ruc ture  o f  pro te ins  o f  
R S R  and  FSR seen by C D  might  be re la ted  to the 
e x t r a m e m b r a n o u s  par t s  o f  the  (Ca 2 ÷ + Mg 2 + )-ATPase.  
Since the s t ruc tura l  changes  observed by C D  are  as',;o- 
c ia ted  with changes  in A T P a s e  activity [2], these two 
observat ions  a re  consis tent  with the A T P  binding site 
being in the e x t r a m e m b r a n o u s  por t ion  o f  the enzyme 
[44,48,49]. The  difficulty with this in te rpre ta t ion  is that  
sequence  da t a  would  suggest  that  the m e m b r a n e - e m -  
bedded  por t ion  o f  the molecule  o f  RSR,  where  the 
major  n u m b e r  of  t ryp tophans  are  located,  is also a par t  
o~" thc  prote in  where  a g rea t  p ropor t ion  o f  a-hel ix  may 
be expected.  A n  al ternat ive  explana t ion  is tha t  there  
are  changes  in the s t ruc ture  o f  the t r a n s m e m b r a n e o u s  
por t ions  o f  the ( C a " + +  Mg:  *)-ATPase which a rc  seen 
by c i rcular  d ichroism,  but  not  by f luorescence  because  
the try. p t o p h a n  env i ronments  do  not  change .  This  might  
h a p p e n  if most  o f  the t r yp tophans  in the  t r a n s m c m b r a -  
nous  por t ion  o f  the  pro te ins  were  exposed to the 
hydrophobic  env i ronment  o f  the lipid cha ins  (see, for  
example,  Rots. 47 a n d  50), and  the na tu re  of  thei r  
env i ronments  did not  c h a n g e  d ramat ica l ly  when  the 
unhJldlng of  pro te in  was  seen by CD.  

The  results ob ta ined  here  suggest  that  the lipids of  
FSR may provide an  env i ronment  a little less suscepti-  
ble to a l te ra t ions  by env i ronmenta l  t e m p e r a t u r e  than  
would be that  o f  RSR.  This  would  be advan t ageous  for  
ma in t enance  o f  opt imal  activity o f  m e m b r a n e - b o u n d  
enzymes in the  fish. Direct  cor re la t ions  be tween  major  
a l te ra t ions  in bulk physical p roper t i e s  of  t he m e m b r a n e  
lipids and  changes  in the kinet ic  p a r a r l e t e r s  of  the 
enzymes in R S R  and  F S R  were  not seen.  S t ruc tura l  
change  in the proteins ,  seen  by a change  in C D  spec- 
tra,  began  nea r  t empe ra tu r e s  where  change  in the 
t empe ra tu r e -dependenc i e s  o f  K, ,  for  the ( C a - " +  
Mg- '+) -ATPase  were  seen in bo th  SR. While  the pro-  
tein s t ruc ture  changes  may be i ndependen t  of  the lipid, 
fu r the r  work  would be  necessary  to unequivocal ly dis- 
sociate the s t ruc tura l  and  kinetic changes  f rom thei r  
respective l i p id -p ro t e in  interact ions .  
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