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Interaction of Dipalmitoylphosphatidylcholine and 
Dimyristoylphosphatidylcholine-d54 Mixtures with Glycophorin. A Fourier 
Transform Infrared Investigationt 
Richard A. Dluhy, Richard Mendelsohn,* Hector L. Casal, and Henry H. Mantsch 

ABSTRACT: Glycophorin from the human erythrocyte mem- 
brane has been isolated in pure form and reconstituted into 
large unilamellar vesicles comprised of binary mixtures of 
1,2-dipalmitoyl-3-sn-phosphatidylcholine (DPPC) and chain 
perdeuterated 1,2-dimyristoyl-3-sn-phosphatidylcholine 
(DMPC-d,,). The effect of temperature and protein on lipid 
structure and mixing was monitored by using Fourier trans- 
form infrared spectroscopy; deuteration of one of the com- 
ponents of the mixture permits observation of the protein 
interaction with each lipid species. The melting curves were 
analyzed by assuming that each lipid chain can exist in one 
of two physical states (Le., gel or liquid crystalline), charac- 

S t ruc tura l  studies of lipid-protein interaction in reconstituted 
systems have provided basic information about the organization 
of biological membranes. Although many experiments have 
focused on the interaction of membrane proteins with a single 
lipid component [for a current overview, see Parsegian (1982)], 
less information is available for ternary systems consisting of 
a binary phospholipid mixture along with protein. Such ex- 
periments provide an opportunity to determine whether 
membrane proteins partition into regions of particular chemical 
structure or physical order in a complex lipid environment. 
The related question of lipid control of membrane protein 
function may also be investigated. 

Several structural studies of ternary systems have appeared. 
Differential scanning calorimetry (DSC)' has been used to 
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terized by a temperature-dependent Lorentzian distribution 
for the line shape of the C-H or C-D stretching vibrations. 
The fraction of each lipid component melted at temperatures 
within the two-phase region of the phase diagram was calcu- 
lated and approximate phase diagrams were constructed. 
Addition of protein lowers the liquidus line of the phase dia- 
gram while leaving the solidus line essentially unchanged. No 
lipid phase separation is observed. The effect of protein is more 
pronounced on the DPPC component than on the DMPC-C~,~. 
The former is significantly more disordered and/or fluidized 
at all lipid mole fractions in the ternary system than in the 
binary phospholipid mixture. 

detect phase separation induced by lipophilin in mixtures of 
1,2-dipalmitoyl-3-sn-phosphatidylcholine (DPPC) and phos- 
phatidylserine (Boggs et al., 1977a,b), while Chapman et al. 
(1977) have investigated the partitioning of gramicidin A into 
1,2-dilauroyl-3-sn-phosphatidylcholine-DPPC mixtures. At 
low concentrations, the polypeptide preferentially associated 
with the lower melting region of the bilayer whereas at higher 
levels a mixing of the two lipids was induced. Kleeman et al. 
(1974) used freeze-fracture electron microscopy to investigate 
the partitioning of glycophorin into two binary phosphati- 
dylcholine mixtures. More recent spectroscopic studies include 
those of Verma et al. (1980) and Jonas & Mason (1981). 

Fourier transform infrared (FT-IR) spectroscopy offers 
several advantages for the study of ternary systems. Vibra- 
tional spectra are sensitive to alterations in the conformation 

' Abbreviations: DPPC, 1,2-dipalmitoyl-3-sn-phosphatidylcholine; 
DMPC-d54, chain-perdeuterated 1,2-dimyristoyl-3-sn-phosphatidyl- 
choline; Tris, tris(hydroxymethy1)aminomethane; DEGS, diethylene 
glycol succinate; DSC, differential scanning calorimetry; NANA, N- 
acetylneuraminic acid; FT-IR, Fourier transform infrared; DPPE, 1,2- 
dipalmitoyl-3-sn-phosphatidylethanolamine; T,, temperature of the gel 
to liquid-crystal phase transition. 
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and dynamics of the lipid acyl chains so that the technique 
may be used to monitor lipid phase behavior directly without 
the possibility of structural perturbations induced by probe 
molecules. If one phospholipid component has its acyl chains 
perdeuterated, then the C-D stretching modes of the deu- 
terated chains, which occur in a spectral region free from 
interference from other membrane components, may be 
monitored separately from the C-H modes of nondeuterated 
chains (Mendelsohn & Koch, 1980). Consequently, the 
conformation of each lipid component may be monitored in 
a single experiment. 

The current study reports a FT-IR investigation of the 
reconstitution of glycophorin into lipid mixtures of DPPC- 
DMPC-d,. The protein is a well-characterized transmem- 
brane protein that can be isolated in reasonable quantities 
(Marchesi & Andrews, 1971) and reconstituted in straight- 
forward fashion into both the gel and liquid-crystalline lipid 
phases (MacDonald & MacDonald, 1975), although exhibiting 
a preference for the latter (MacDonald, 1980). The particular 
lipid mixture (with nondeuterated acyl chains) has been studied 
with a variety of physical methods (Shimshick & McConnell, 
1973; Chapman et al., 1974; Lee, 1975); phase behavior de- 
duced from the current FT-IR data may then be directly 
compared with the earlier work. Previous Raman and FT-IR 
studies (Taraschi & Mendelsohn, 1980; Mendelsohn et al., 
198 1) of lipid-protein interaction in the glycophorin-DMPC 
system demonstrated that an increase in the protein concen- 
tration results in a gradual increase in lipid disorder with no 
evidence for immobilized boundary lipid; therefore the current 
data are treated according to a simple two-state model. This 
allows the determination of the fraction of each lipid com- 
ponent melted both in the binary mixture alone and in the 
presence of protein as well as the construction of approximate 
phase diagrams. 

Materials and Methods 
Materials. DPPC was purchased from Sigma Chemical Co. 

(St. Louis, MO) and checked for purity by TLC. DMPC-dS4 
was purchased from Serdary Research Laboratories (London, 
Ontario, Canada) and purified on a Sephadex LH-20 column. 

Neuraminidase from Clostridium perfringens (type VI) and 
trypsin were purchased from Sigma. Sepharose 4B and 
Sephadex LH-20 were products of Pharmacia Fine Chemicals 
(Piscataway, NJ). 

Sample Preparation. Glycophorin was prepared from hu- 
man erythrocytes by using methods previously described in 
detail (Mendelsohn et al., 198 1). Briefly, hemoglobin-free 
erythrocyte ghosts prepared by hypotonic lysis (Dodge et al., 
1963) were disrupted with lithium diiodosalicylate (Marchesi 
& Andrews, 1971) and the proteins extracted with phenol. 
The crude protein preparation was treated with CHC1,-MeOH 
and EtOH to remove remaining bound lipid. Polyacrylamide 
gel electrophoresis of the resulting protein gave patterns 
consistent with those previously published (Furthmayer et al., 
1975). 

Glycophorin was incorporated into binary lipid vesicles 
according to the procedure of MacDonald & MacDonald 
(1975). Measured amounts of protein and the two lipid species 
were simultaneously solubilized in CHC13-MeOH-H20 
(6.5:2.5:0.4 v/v/v) and solvent removed by N2 drying followed 
by overnight evacuation. The lipid-protein film was re- 
hydrated in 1.26 M NaC1-0.01 M Tris, pH 7.5, and vesicles 
were collected by centrifugation at 2 X lo4 rpm for 1 h. Lipid 
phosphorus was determined by the method of Chen et al. 
(1956), while glycophorin was determined as sialic acid by the 
method of Warren (1959). Reconstitution of lipid-protein 

complexes in D20  was accomplished as described above except 
that the rehydration buffer was 1.26 M NaCl-0.01 M Tris 
in DzO, pD 7.5. 

Sample Characterization. Vesicles were assayed for lipid 
chain length distribution by gas chromatography of their 
methylated acyl chains. The vesicle lipids were transesterified 
with 5% (w/w) HCl in MeOH and extracted with petroleum 
ether (bp 30-60 "C). The methyl esters were then analyzed 
on a Hewlett-Packard 5750 gas chromatograph equipped with 
a column of 5% DEGS on Chromosorb W, 80-100 mesh, by 
using a temperature program of 80-210 OC. 

Association of lipid and protein in the vesicles was assayed 
by column chromatography on Sepharose 4B. Aliquots of 0.20 
mL were applied to a column (0.9 X 20.0 cm) equilibrated 
in 0.13 M NaCl-O.01 M Tris, pH 7.5, and fractions were 
eluted at room temperature. Lipid concentration in the 
fractions was determined from phosphorus determination 
(Chen et al., 1956) and protein concentration from sialic acid 
determination (Warren, 1959). 

Asymmetry of protein incorporation in the vesicles was 
assayed either by (i) exposure to neuraminidase (0.10 unit at 
1 unit/mL) or by (ii) trypsin cleavage (5% w/w) of the ex- 
posed polypeptide. In both cases the vesicles were centrifuged 
and the resultant solution was analyzed for sialic acid. 

Negative-stain electron microscopy was performed on a 
Phillips EM 200 operating at 80 kV with an initial magnifi- 
cation of 12000-44OOOX. Vesicles in 0.05 M Tris, pH 7.5, 
were placed on a Formvar-filmed and heavily carbon coated 
grid for 5 min and the excess was blotted off. Phosphotungstic 
acid (1%) was added for 5 min and the preparation air-dried 
before use. 

Fourier Transform Infrared Spectroscopy. Samples were 
prepared for infrared spectroscopy in 50 Fm thick cells with 
CaF, windows. Spectra were recorded on a Digilab FTS-11 
Fourier transform infrared spectrometer equipped with a 
HgCdTe detector. Six hundred interferograms, collected with 
an optical velocity of 1.26 cm s-l and a maximum optical 
retardation of 0.25 cm, were coadded, apodized with a trian- 
gular function, and Fourier transformed with one level of zero 
filling to yield a resolution of 4 cm-' and data encoded every 
2 cm-'. 

Temperatures were controlled by a thermostated EtOH- 
H 2 0  mixture flowing through a hollow cell mount and mon- 
itored by a copper-constantan thermocouple placed against 
the edge of the cell window (Cameron & Jones, 1981). 

Frequencies were determined with an uncertainty of less 
than f0.1 cm-' by computing centers of gravity of bands by 
using the topmost three data points (Cameron et al., 1982b). 

For determination of the widths of C-D stretching bands, 
samples in H 2 0  were studied. The "water-association" band 
at -2150 cm-' was subtracted and bandwidths were deter- 
mined relative to a straight base line extending from 2125 to 
2025 cm-'. For determination of the widths of C-H stretching 
bands, samples in D 2 0  were studied. The sloping base line 
caused by the high-frequency side of the strong G D  stretching 
band was subtracted and the bandwidths were determined 
relative to a straight base line extending from 2880 to 2820 
cm-'. The subtraction of the background caused by H 2 0  or 
D20 bands was performed by using spectra of H 2 0  or D20  
recorded at the same temperature as those of the samples 
under study (Cameron et al., 1979). Uncertainties in band- 
width values are less than f0.2 cm-'. 

Results 
Biochemical Characterization of Complexes. Lipid-protein 

complexes formed according to the procedure of MacDonald 
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Table 1: Composition of DPPC-DMPCd,,-Glycophorin 
Complexes fo1 FT-IR Studies" 

DPPCDMPC- lipidprotein 
sampleb d,, mole ratio mole ratio solvent 

A 2971 96:l HJJ 
A' 3466 8 0  1 DJJ 
B 55:45 1141 H 2 0  
B' 5248 85:l D@ 
c 7 9 2 1  9h: 1 H.0 - 
C' 77:23 7 6 1  a:o 

Estimated enom 3% in lipidlipid and 5% in lipidprotein 
mole ratios. Samples of binary lipid mixtures without protein 
were made up at the same mole ratios as for the protein- 
wntaining complexes. These are referred to as lipid standards. 

FIGURE I :  Typical electron micrographs of DPPC-DMPC-d,,- 
glywphorin vaicles. Magnification is 39375X. The size distribution 
(1000-1200-~ diameter) is typical of all preparations used in the 
current work. 
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FIGURE 2: Elution profile from a Sepharme 4B column of free gly- 
wphorin (0) as compared with vesicle-bund glycophorin (0) and 
lipid (A). Free glywphorin was dissolved in 0.13 M NaCI-O.01 M 
Tris-HCI, pH 7.5, at a wncentration of 6.25 mg mL-' and passed 
through the wlumn. Fractions were assayed for sialic acid. Vesicles 
prepared as described under Materials and Methods were suspended 
in 0.13 M NaCI-O.01 M Tis-HCI, pH 7.5, at a concentration of 11.67 
mg mL-' for lipid and 5.99 mg mL-' for protein and passed over the 
wlumn; fractions were analyzed b t h  for sialic acid and phosphorus. 
Fractions were eluted at rmm temperature at a rate of 12 mL h-I. 

and MacDonald (1975) lead to a relatively homogeneous 
population of large unilamellar vesicles (Figure 1) with a size 
distribution as measured from the electron micrographs of 
0.14.12 pm. Evidence for mmplex formation is obtained from 
gel exclusion chromatography on Sepharose 4B (Figure 2). 
When the lipid-protein preparation is chromatographed, the 
glycophorin mlutes with phospholipid and has a significantly 
shorter retention time than uncomplexed protein. In addition, 
the electron microscopy studies show that no multilamellar 
vesicles are formed during the mmplexation. Cleavage of those 
portions of the protein external to the vesicle with trypsin or 
neuraminidase followed by sialic acid determination suggests 
that 90% of the sialic acid residues are oriented toward the 
exterior. This level of asymmetry is slightly higher than that 
reported by van Zoelen et al. (1978a.b) but consistent with 
that of Ong et al. (1981). 

The lipid compositions and lipid-protein ratios of the mm- 
plexes examined in the FT-IR experiments are given in Table 
I. Samples A (A'), B (B'), and C (C') refer to low, medium, 
and high mole fractions of DPPC in the HzO (D20) suspen- 
sion. Two points bear comment. Attempts to prepare com- 
plexes at high DMPC-dS4 levels (mole fractions of 0.8) led to 
complexes with less DMPC-dS4 present. In addition, the in- 
corporation of glycophorin into the vesicles was slightly en- 

Y 0 z 
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0 
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~ I G U R E  3 Temperature dependence of the infrared spectra of (A) 
the C-D stretching region (lipid standard B from Table I) and (B) 
the C-H stretching region of a DPPC-DMPC-d, binary mixture 
(lipid standard B' from Table I). Spectra decrease in peak height 
with increasing temperature and are plotted in intervals of -5 'C 
over the range 10-60 OC. In the case of (A) the broad "water- 
association" band at -2150 cm-l has been subtracted; in the case 
of (B) the high-frequency side of the C+D stretching band has been 
subtracted. For the purpose of display, linear base lines extending 
from 2300 to 2000 cm-' in (A) and from 3000 to 2800 cm-l in (B) 
have been used 

hanced when DzO rather than H20 was used in the re- 
hydration buffer. Lipid standards for the spectmscopic studies 
were made up at the same mole ratios as those in the ternary 
systems. 

Infrared Spectroscopy. The temperature dependence of the 
C-D and C-H stretching regions for lipid standards B and 
B' (Table I) are shown in parts A and B of Figure 3, re- 
spectively. The CD, groups of DMPC-dS4 give rise to bands 
(Figure 3A) at 2212 (asymmetric stretch) and at 2169 and 
2070 cm-l (symmetric stretch) while the stronger bands at 
2194 and 2089 cn-l are the antisymmetric and symmetric CD2 
stretching modes respectively (Cameron et al., 1981). The 
five spectral features in Figure 3B arise from the nondeuterated 
acyl chains of DPPC. The asymmetric and symmetric CH, 
stretching modes appear near 2956 and 2872 cnP (Cameron 
et al., 1980) while the antisymmetric and symmetric CH, 
stretching bands are observed at 2920 and 2850 cm-' along 
with a broad Fermi resonance band (Snyder et al., 1978) 
centered at about 2900 cm-I. 

Variations in temperature produce changes in line width and 
frequency position in both spectral regions which occur over 
a temperature interval significantly wider than that for the 
pure lipid components. This is the type of melting behavior 
expected for a binary lipid system with miscibility in both solid 
and liquid phases (Lee, 1977). The temperature-induced 
variation in the symmetric CHz stretching frequency for 
various lipid binary mixtures is shown in Figure 4. Plots of 
the half-width (full width at half-height) for the same vibra- 
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FIGURE 4: Plots of frequency vs. temperature for the symmetric CH2 
stretching band at 2850 cm-' in DPPC-DMPC-d54 multilayers as a 
function of mole fraction of DPPC [(a) = 0.34, (a) = 0.52, and (A) 
= 0.77 mole fraction of DPPC]. 
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0 2 0  40 60 

temperature  ("C)  

FIGURE 5: Plots of the full width at half maximum intensity vs. 
temperature for the symmetric CHI stretching band at 2850 cm-l 
in DPPC-DMPC-d5, multilayers as a function of mole fraction of 
DPPC [ (O)  = 0.34, (W) = 0.52, and (A) = 0.77 mole fraction of 
DPPC] . 

tional mode are shown in Figure 5. Similar data (not shown) 
were obtained for the symmetric CD, stretching frequency and 
bandwidth as a function of temperature for all the lipid-protein 
complexes and for all the lipid standards listed in Table I. 

Spectral A n a l y s i s .  The FT-IR spectroscopic parameters 
normally used to characterize lipid phase transitions are the 
frequency and width of acyl chain C-H and C-D stretching 
bands (Cameron et al., 1980). Figure 6 shows the temperature 
dependence of the frequency and half-width of the symmetric 
CD, stretching mode for sample C as an example of their 
behavior. It is immediately apparent from Figure 6 that the 
changes in frequency and width are not concerted and that 
the maximum rate of change of the width occurs at  a lower 
temperature than that of the frequency. Furthermore, the 

- n c 
0' 
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I,,,,,,I 
20 30 40 

t e m p e r a t u r e  <"C> 

FIGURE 6: Plot of the temperature dependence of the frequency (0) 
and half-width (0) of the symmetric CD2 stretching mode at 2089 
cm-I for sample C 79:21 (hs2:dM)-gIycophorin (96:l) in HIO. Arrows 
indicate points of maximal inflection in the melting curves. 

melting curve constructed with the half-width data shows a 
maximum before the completion of the melting. This distinct 
behavior for frequency and bandwidth has been observed 
previously in melting curves for bacterial membranes (Casal 
et al., 1980, 1982) and in the coagel to micelle transition of 
several surfactants (Sapper et al., 1981; Cameron et al., 
1982a). 

Previous explanations of the temperature dependencies of 
the bandwidth and frequency parameters assumed that each 
responds to different aspects of lipid order and mobility 
(Cameron et al., 1980; Casal et al., 1980, 1982). While this 
assumption may be correct, it is now apparent that these two 
parameters do not change in a concerted fashion when the 
transformation involves the coexistence of two phases with 
different bandwidths. Umemura et al. (1980, 1981) have 
studied the characteristics of band contours resulting from the 
overlap of two Lorentzian lines with different bandwidths. 
They have shown that the temperature-induced variation in 
bandwidth and frequency are not concerted and that plots 
similar to those in Figure 6 can be obtained by the superpo- 
sition of two Lorentzian bands whose frequency separation is 
much smaller than their half-widths. 

To analyze the present data quantitatively, a two-state model 
was assumed for each of the lipid components similar to the 
approach used to analyze the infrared spectral changes ob- 
served at the monomer-micelle transition of aqueous sodium 
n-alkanoates (Umemura et al., 1981). Changes in the mea- 
sured bandwidths or frequencies are not linear functions of 
the fraction of lipid transformed; in addition, the functional 
form for the variation in frequency with the fraction trans- 
formed is different from that for the variation in bandwidth. 
If AG = the concentration of gel-state A and AL = the con- 
centration of liquid-crystalline A with similar expressions for 
lipid component B, then the model assumes that at all tem- 
peratures, a maximum of two classes of each lipid exists: 

AG F! AL 
B G  F! GL 

It is further assumed that the shapes of the C-H or C-D 
stretching bands characterizing the pure gel or pure liquid- 
crystalline states are adequately represented by a Lorentzian 
distribution (Ramsay, 1952), with characteristic frequency and 
half-width extrapolated from the low temperature linear region 
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f r a c t i o n  d i s o r d e r e d  

FIGURE 7: Calculated variation in frequency (- - -) and half-width 
(-) as a function of the extent of melted lipid for the DMPC-& 
component of sample C (composition as in Figure 6) .  Lorentzian band 
shapes for the totally solid (0.0 fraction disordered) and totally liquid 
(1 .O fraction disordered) components are generated. Addition of the 
two band shapes in varying proportions leads to intermediate band 
shapes of characteristic frequency and half-width, as shown. 

of the melting curve (for the gel phase) or the high-temper- 
ature linear region (for the liquid-crystalline phase). The 
observed spectrum for a given component at  temperatures 
intermediate between these regions is the superposition of the 
gel-phase spectrum and the liquid-crystalline spectrum, the 
relative proportion of the latter increasing with temperature. 
The details are outlined in the Appendix. 

Typical variations in frequency and half-width as a function 
of fractional lipid melting as calculated with this model are 
given in Figure 7 for sample C (1ipid:protein mole ratio 96:l; 
lipid composition DPPC-DMPC-C~~~,  79:21). The results 
confirm that neither parameter varies linearly as the broadened 
gel-liquid-crystalline phase transition proceeds. Changes in 
the frequency are typically very slight until 7040% of the lipid 
has melted at which point a more drastic variation is noted. 
In contrast, the half-width changes much more significantly 
in the range 0-75% lipid melted and at  high values goes 
through a maximum. Nevertheless, the half-width is the 
preferred parameter for data analysis as a slight error in the 
frequency measurement could lead to a large error in the 
fraction of a particular lipid component melted. The apparent 
difference observed in melting behavior according to whether 
the frequency or half-width is plotted vs. temperature may be 
traced to the widely different responses these parameters have 
to lipid melting (Figure 7). 

Phase Diagram Construction. Elucidation of phase behavior 
in lipid mixtures requires the construction of phase diagrams 
(Lee, 1977) based on either the set of onset and completion 
temperatures experimentally determined as a function of 
composition or a theoretical expression derived from a variant 
of solution theory using the molar enthalpies of the pure 
components along with (possibly) several parameters defining 
the departure of the system from ideality. Neither approach 
is appropriate for the current work. As is clear from Figure 
6 ,  the selection of reasonable onset and completion tempera- 
tures is somewhat arbitrary. In addition, since the two lipid 
components melt to different extents at a particular temper- 
ature once melting has commenced, it is inappropriate to assign 
an onset or completion temperature for the system as a whole 
from data for a single component. The second method of phase 

t e m p e r a t u r e  C Y >  
FIGURE 8: Plots of y (i.e., fraction of disordered lipid) vs. temperature 
for the DPPC component. Standard A’, 34% DPPC (0); sample A’, 
34% DPPC with protein (0); standard B’, 52% DPPC (B); sample 
B’, 52% DPPC with protein (0); standard C‘, 77% DPPC (A); sample 
C’, 77% DPPC with protein (A). 

diagram construction suffers from an a priori lack of 
knowledge of the nonideality parameters. On the basis of the 
computer simulation results, it was decided to construct phase 
diagrams from those FT-IR data that clearly lie within the 
two-phase region for each lipid component. The method is 
outlined in the Appendix. 

The method requires determination of the fraction of each 
fraction of each lipid component melted (see eq 1 in the Ap- 
pendix). This is accomplished with a procedure essentially 
inverted from that used to generate Figure 7. A particular 
value for the fraction of each lipid component melted is chosen 
so that the experimentally determined half-width at a given 
temperature is reproduced. 

The fraction of lipid melted, y ,  or y2, can be used to monitor 
the response of each component to the introduction of protein. 
Figures 8 and 9 show y for the DPPC and DMPC-dS4 com- 
ponents, respectively, both alone and in the presence of gly- 
cophorin. 

The values for y are inserted into eq 2 to yield phase dia- 
grams for the binary lipid mixture (Figure 10) and the ternary 
system (Figure 11). Incorporation of glycophorin results in 
a phase diagram in which the liquids line is significantly 
lowered compared with that of the binary system. The solidus 
line is essentially unchanged. 

Discussion 
The current study allows two questions to be addressed: (a) 

What is the effect of glycophorin on the phase behavior of the 
DMPC-dS4-DPPC mixture? (b) Does glycophorin preferen- 
tially partition into a region of particular chain length in the 
above lipid mixture? The phase diagram for the binary 
mixture (Figure 10) is similar to those in the literature con- 
structed from a variety of techniques for the DMPC-DPPC 
system (Shimshick & McConnell, 1973; Chapman et al., 1974; 
Lee, 1975). Acyl chain perdeuteration of the DMPC com- 
ponent results in a - 5  OC lowering of T,,, for the pure com- 
ponent but leads to little change in the shape in the phase 
diagram of the mixture. These results show that chain per- 
deuteration does not severely perturb lipid phase behavior, 
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t e r n  p e r a  t u r e  (“C) 

FIGURE 9: Plots of y (Le., fraction of disordered lipid) vs. temperature 
for the DMPC-ds4 component. Standard A, 71% DMPC-ds4 (0); 
sample A, 71% DMPC-dS4 with protein (0); standard B, 45% 
DMPC-ds4 (m); sample B, 45% DMPC-d, with protein (0); standard 
C, 21% DMPC-ds4 (A); sample C, 21% DMPC-d54 with protein (A). 

I 

0.0 0.5 1 .o 

m o l e  f r a c t i o n  of D P P C  

FIGURE 10: Phase diagram calculated for the binary lipid mixture 
DPPC-DMPC-dS4 by using methods outlined in the Appendix. The 
melting temperatures at the end points (0.0 and 1.0 mol fraction of 
DPPC) were determined from FT-IR melting curves of the pure lipids 
DMPC-dS, and DPPC, respectively. 

consistent with earlier studies. Gaber et al. (1978) and Klump 
et al. (1981) showed that chain perdeurated DPPC behaves 
as a normal phosphatidycholine molecule, having both a 
pretransition and a main chain melt; mixtures of DPPC and 
DPPC-d6* showed ideal behavior. In addition, Mendelsohn 
& Koch (1980) showed that the nonideality parameters used 
to describe the mixing behavior of DPPC-d62 and DPPE were 
similar to those for DPPC and DPPE, so that chain per- 
deuteration did not greatly affect the enthalpy of interchain 
interaction. 

DMPC-dS4 and DPPC show complete miscibility in both 
gel and liquid-crystalline phases, although the shape of the 
phase diagram differs from that expected for an ideal mixture. 
Incorporation of glycophorin at  the level of about 1 mol % 
causes a lowering of the liquidus line while leaving the solidus 
line virtually unchanged (Figure 10 and 11). Such behavior 
is consistent with the reduction of the enthalpy of melting of 
the components (Reisman, 1970), which in the current case 

0.0 0.5 

m o l e  f r a c t i o n  o f  D P P C  

3 

FIGURE 11: Phase diagram calculated for the ternary system 
DPPC-DMPC-dS4-glycophorin by using methods outlined in the 
Appendix. The melting temperatures at the end points (i) 0.0 mole 
fraction of DPPC (corresponding to DMPC-ds4), and (ii) 1.0 mole 
fraction DPPC of were determined from FT-IR melting curves of a 
100: 1 DMPC-dS4-g1ycophorin complex and a 100: 1 DPPC-glyco- 
phorin complex, respectively (R. Dluhy, R. Mendelsohn and H. Casal, 
unpublished observations). 

is best referred to glycophorin complexed with a single lipid 
at  the level of about 1 mol %. The reduction in enthalpy of 
transition during the interaction of hydrophobic proteins with 
a single lipid component has been experimentally demonstrated 
with differential scanning calorimetry (Boggs et al., 1977a,b; 
van Zoelen et al., 1978a,b). 

The phase diagram for the ternary system (Figure 11) also 
shows that glycophorin does not induce phase separation in 
the lipid mixture, as indicated by the absence of monotectic 
behavior in the presence of protein. In previous studies (Boggs 
et al., 1977a,b), specific interactions between charged lipids 
and proteins were responsible for protein-induced lipid phase 
separations. Such events, mediated by different lipid head 
groups, cannot occur in the present case. 

The model of lipid phase behavior assumed here permits 
determination of the extent to which each lipid component 
melts (Figures 8 and 9). The primary result of glycophorin 
incorporation is enhancement of melting of the DPPC in the 
ternary system compared with the binary phospholipid mixture, 
the effect being observed at all lipid compositions. For 
DMPC-d54, this effect is noted only at high mole fractions. 
It appears that glycophorin tends to disorder and/or fluidize 
gel-phase phosphatidylcholines, the magnitude of the inter- 
action depending upon the chain length. These conclusions 
are consistent with observations from Raman spectroscopy (R. 
Mendelsohn and R. Dluhy, unpublished experiments) that acyl 
chain packing in the gel phase is disrupted by glycophorin. 
Lipid miscibility in well-mixed systems is not expected to be 
greatly affected by this fluidization process. It might be ex- 
pected, however, that binary lipid mixtures which behave 
monotectically would mix in the presence of glycophorin. 

The two-state model adopted in the current work is the 
simplest consistent with the data. The approach does not 
invoke the existence of a layer of motionally restricted 
(“boundary”) lipid in the immediate vicinity of protein, an 
assumption consistent with earlier FT-IR and Raman inves- 
tigations (Taraschi & Mendelsohn, 1980; Mendelsohn et al., 
1981). More elaborate versions of the current model (involving 
perhaps a distribution of lipid states) will have to await the 
systematic study of a variety of more complicated ternary and 
binary systems whose phase behavior as determined ca-\)ri- 
metrically may be compared with that developed from the 
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t e m p e r a t u r e  ( " C )  

FIGURE 12: Generation of the half-width parameter used in the 
Lorentzian band shape simulations. The example illustrated is that 
of the DPPC component of lipid standard B [DPPC-DMPC-d5, 
(55:45)]. The low- and high-temperature melting data are extrapolated 
forward and backward, respectively, through the melting region. The 
halfwidth parameters used in the simulation of the Lorentzian band 
shape corresponding to the gel phase (a1) and the liquid-crystalline 
phase (a2) at particular temperatures through the melting region are 
taken from the extrapolated lines. This procedure is repeated for all 
the half-width and frequency parameters for both DPPC and 
DMPC-& for all samples and standards. 

0.0 0.5 1.0 

rn o I e f r a c t i o n  

FIGURE 13: Typical ascending phase diagram for a binary mixture 
displaying miscibility in both the solid and liquid states. At any 
temperature within the two-phase region, a tie line (e.g., A-B) can 
be drawn and the following points defined: A = composition of the 
liquid phase at a temperature T; B = composition of the solid phase 
at r; C = mole fraction of component 1 in the system. 

current protocol. If necessary, these more elaborate schemes 
could include a layer or two of lipid molecules in the immediate 
vicinity of protein, with spectral characteristics altered from 
those of the bulk lipids. Such a procedure has been used by 
Lentz et al. (1982) to account for diphenylhexatriene 
fluorescence anisotropy data in native sarcoplasmic reticulum 
vesicles. 

The validity of the current approach rests on the fact that 
different lipid physical states have measurably different 
spectral characteristics. For the simple phase diagrams studied 
here, the FT-IR spectral alterations of a particular lipid class 
between gel and liquid-crystalline phases are quite marked. 
However, for phase diagrams of a more complex nature, in- 
volving perhaps lateral separations and compound formation, 

there may be only slight changes in lipid order and/or fluidity 
from one phase to the next. The FT-IR approach in such a 
circumstance might not sense all of the phases that occur. This 
problem is currently being investigated with lipid mixtures 
known to have complex phase characteristics. 
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Appendix 
A Description of the Model Used To Generate Phase Di- 

agrams from FT-IR Data. ( A )  Spectral Simulations. Com- 
puter simulation of the FT-IR spectra for a lipid C-H or C-D 
stretching band was based on the assumption that at tem- 
peratures within the two phase region, the observed spectrum 
was a superposition of two Lorentzians, corresponding to gel 
and liquid-crystalline lipid. A procedure analogous to that of 
Heyn et al. (198 1) used to treat fluorescence data was adapted 
for the current study. Lorentzian parameters (bandwidths and 
frequencies) for hypothetical pure gel and liquid-crystalline 
states of lipid at particular temperatures within the two-phase 
region were generated by extrapolation from the linear low- 
and high-temperature regions of the melting curves as shown 
in Figure 12. The experimentally measured half-width for 
a particular lipid component band was then reproduced by 
simulating an experimental spectrum according to eq 1 by 
using the derived Lorentzian parameters: 
I ( v )  = _ ,  

I (1 - ,,[ 1 + 2(v  - v1)2 /a1  ] + f l y [  1 + 2(v  - v 2 ) 2 / a 2  

1 1 

(1) 
I ( v )  = intensity as a function of frequency, y = fraction of 
disordered lipid, u1 = peak frequency for the gel-state lipid, 
aI = half-width for the gel-state Lorentzian, fl  = peak height 
of the liquid-crystalline-state band relative to that of the 
gel-state band, u2 = peak frequency for the liquid-crystalline 
lipid, and a2 = half-width for the liquid-crystalline-state 
Lorentzian. 

y is varied until the half-width of the calculated spectrum 
matches the experimental halfwidth. We note that fl ,  the ratio 
of peak height of liquid-crystalline- to gel-state bands, is not 
an indicator of concentration. It is only a scaling parameter 
determined experimentally and used to ensure that the gel and 
liquid-crystalline bands are added in the proper proportion. 
The difference between this procedure and that of Heyn et 
al. (1981) is that the necessity for assuming a linear rela- 
tionship between the experimental parameter (half-width in 
this case) and the fraction of lipid melted is avoided. 

( B )  Phase Diagram Construction. A typical phase diagram 
for a system displaying complete miscibility in the gel and 
liquid-crystalline states is shown in Figure 13. The following 
points are defined on the composition axis for the indicated 
tie line: A = (NlL)(NIL + N2L)-1, the composition of the liquid 
phase at temperature T; B = (Nls ) (Nls  + NzS)-l, the com- 
position of the solid phase at  temperature T; C = (NIL + 
Nls)(NIL + Nls + NZs + N2L)-1, the mole fraction of com- 
ponent 1 in the system. Nls = moles of component 1 in the 
gel phase, NZs = moles of component 2 in the gel phase, NIL 
= moles of component 1 in the liquid-crystalline state, and NZL 
= moles of component 2 in the liquid-crystalline state. The 
results of the spectral simulations yield quantities representing 
the fraction of each lipid component melted y1 and 72, Le., 
y1 = NlL(N1L + Nls)-l, the fraction of the liquid-crystalline 
phase of component 1 at  temperature T, and 7 2  = NZLW~L 
+ NZs)- l ,  the fraction of the liquid-crystalline phase of com- 
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ponent 2 at temperature T .  It is easily shown that equations 
for liquidus ( A )  and solidus (B)  temperature-specific com- 
positions in terms of the observable quantities yI, y 2 ,  and C 
are 

(2) 

The use of the quantities y in eq 1 for each component results 
in a set of points defining the liquidus and solidus curves of 
the phase diagrams as constructed in Figures 10 and 1 1 .  

A = YlC[C(Yl - 7 2 )  + 721-1 

B = C(1 - 71)[C(72 - 71) + (1 - 7 2 1 1 - 1  

Registry No. DPPC, 63-89-8; DMPC, 18194-24-6. 
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