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Dependence of Acyl Chain Packing of Phospholipids on the Head Group 
and Acyl Chain Length? 

David G. Cameron,* Eva F. Gudgin, and Henry H. Mantsch 

ABSTRACT: The temperature dependencies of the factor group 
splitting of the infrared-active CH2-scissoring bands of a series 
of fully hydrated gel phase diacyl phospholipids were deter- 
mined. It is shown that, in all cases, the acyl chains are packed 
in an orthorhombic subcell and that the degree of rigidity of 

w h i l e  the gel phases of model membranes such as 1,2-di- 
palmitoyl-3-sn-phosphatidylcholine (DPPC)' and 1,2-di- 
palmitoyl-3-sn-phosphatidylethanolamine (DPPE) may be 
generally categorized as solidlike with the acyl chains in 
predominantly trans conformations, they in fact exhibit subtle 
but complex thermotropic behavior. The pretransition, T,,, 
of 3-sn-phosphatidylcholines has recently been characterized 
as a particular solid-solid phase transition, similar to a tran- 
sition found in n-alkanes (Cameron et al., 1980a; Janiak et 
al., 1976, 1979). Between Tpre and the chain melting phase 
transition, T,, the acyl chain packing is hexagonal. Imme- 
diately below Tpn, the packing is orthorhombic (Figure 1) with 
a high degree of torsional and librational motion about the 
long axes of the acyl chains. As the temperature is reduced, 
the rates and amplitudes of motion about the long axes de- 
crease (Davis, 1979; Marsh, 1980), and at low temperatures 
(-50 "C), the orthorhombic packing is quite rigid (Cameron 
et al., 1980b). Further, it has recently been reported (Chen 
et al., 1980) that incubation of phosphatidylcholines at 0 "C 
for long periods (1-3 days) results in a third exothermic 
transition near 15-20 OC. 

Gel phase thermotropic behavior dependent on both the 
chain length and the head group has been previously reported. 
In a series of homologous phosphatidylcholines, the difference 
in temperature between Tpre and T ,  decreases as the chain 
length is increased (Mabrey & Sturtevant, 1976). There is 
also a dependence of Tprc on whether the chain length is odd 
or even (Silvius et al., 1979), similar to differences observed 
in homologous series of fatty acids and other terminally sub- 
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the subcell increases with increasing chain length. It is also 
demonstrated that the subcell in 3-sn-phosphatidylcholines 
differs from that found in 3-sn-phosphatidylethanolamines and 
3-phosphatidic acids. 

stituted n-alkanes (Malkin, 1952). 
Differences related to the head group are 2-fold. First, the 

pretransition has only been observed in phosphatidylcholines 
and in the closely related phosphatidylsulfocholines (Tremblay 
& Kates, 198 1). Second, in phosphatidylethanolamines, T ,  
is generally observed some 10-30 OC higher than the T, of 
the corresponding phosphatidylcholine. Indications of pro- 
gressive changes in the acyl chain packing at reduced tem- 
peratures have also been observed in X-ray studies of DPPE 
bilayers (Harlos, 1978). In addition, X-ray studies of DPPE 
and DPPC (Janiak et al., 1976, 1979; Harlos & Eibl, 1980; 
McIntosh, 1980) have shown substantial differences in the 
bilayer thicknesses. This has been attributed to a tilting of 
the acyl chains of DPPC but not those of DPPE, the tilt 
resulting from the relatively large volume occupied by the 
phosphatidylcholine head group compared to that occupied 
by the phosphatidylethanolamine head group (McIntosh, 
1980). 

Infrared spectroscopy provides an extremely sensitive me- 
thod for monitoring changes in the acyl chain packing of 
phospholipids. In the orthorhombic subcell, common to solid 
polyethylene, n-alkanes, and terminally substituted n-alkanes, 
the interchain interactions result in factor group splitting of 
the CH2-scissoring band at 1468 cm-' and the CH2-rocking 
band at 720 cm-' (Snyder, 1961, 1979). This factor group 

Abbreviations used: DLPC, 1,2-dilauryl-3-sn-phophatidylcholine; 
DMPC, 1,2-dimyristoyl-3-sn-phosphatidylcholine; DPPC, 1,2-di- 
palmitoyl-3-sn-phosphatidylcholine; DHPC, 1,2-diheptadecanoyI-3-sn- 
phosphatidylcholine; DSPC, 1,2-distearoyl-3-sn-phosphatidylcholine; 
DBPC, 1,2-dibehenoyl-3-sn-phosphatidylcholine; DPPE, 1,2-di- 
palmitoyl-3-sn-phosphatidylethanolamine; DPPA, 1,2-dipalmitoyl-3-sn- 
phosphatidic acid; FT-IR, Fourier-transform-infrared spectroscopy. 
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i :tc 
FIGURE 1 : Two-dimensional orthorhombic subcell of n-diacyl phos- 
pholipids. The a-b plane corresponds to the plane of the bilayer 
surface; the long ax= of the acyl chains are projecting from the page. 

splitting is specific to orthorhombic packing and does not occur 
in the alternative hexagonal and triclinic subcells; hence, its 
observation permits one to characterize the packing of the lipid 
acyl chains. In addition, the magnitude of the band separation 
is indicative of the degree of interchain interaction (Decius 
& Hexter, 1977) and thus, indirectly, of the amplitudes and 
rates of motion about the long axes of the acyl chains. 

In this study, we have determined the gel phase temperature 
dependencies of the CH2-scissoring bands of a series of 
phosphatidylcholines, ranging from DLPC, with short acyl 
chains (C12:0), to DBPC, with very long acyl chains (C22:O). 
In addition, we have investigated the thermotropic behavior 
of the bands in a series of lipids with the same acyl chains but 
different head groups. The results demonstrate a dependence 
of the acyl chain packing on both the chain length and the 
nature of the head group. 

Experimental Procedures 
All lipids used in this study were obtained from Sigma (St. 

Louis, MO). Purities were checked by thin-layer chroma- 
tography; in all cases, only one spot was observed. Thin films 
were prepared by dissolving the lipids in CHC13/MeOH (4/1 
v/v), depositing droplets on CaF2 windows, and evaporating 
off the solvent at atmospheric pressure and then under vacuum 
for a period of 14 h. The samples were then hydrated (all at  
pH 7, DPPA and DPPE also at  pH 11) and assembled into 
a 6-pm-thick cell following the procedures outlined in detail 
elsewhere (Cameron et al., 1979). No evidence of dichroism 
was observed in polarized spectra. 

The cell was placed in an evacuable variable temperature 
chamber located in the sample compartment of a Perkin-Elmer 
180 infrared spectrophotometer. Spectra were recorded at  a 
resolution of 1.5 cm-I at temperatures ranging from -100 to 
30 OC; the temperature was monitored by a copper-xnstantan 
thermocouple located against the cell windows. The spectrum 
of DLPC at -190 OC was measured with a cold-finger liquid 
nitrogen cell. 

The thermal history of the lipid samples used in the ex- 
periment was as follows. Samples were heated to above the 
temperature of the corresponding acyl chain melting phase 
transition and then within 30 min cooled to -100 OC. The 
spectra were then recorded at  increasing temperatures during 
the course of 4-6 h. As the experiment was completed within 
7 h, we observe no evidence of the third phase transition re- 
cently reported by Chen et al. (1980) which requires a long 
incubation (1-3 days) at  temperatures near 0 OC. 

Results 
Figure 2 shows the CH2-scissoring bands of the infrared 

spectra of fully hydrated multibilayers of DLPC, DMPC, 

-100°C -1OO'C -100°C -IOO"C 

-100°C 
DLPC DMFC DPPC DHPC DSPC DBPC 
(C lZ )  (C,rl [CIS] (C,7) Ga) (C221 

FIGURE 2: CH,-scissoring region of the infrared spectra of the diacyl 
phosphatidylcholines at -100 OC (bottom row) and 20-30 O C  below 
the T, (top row). In each case, spectra are shown from 1500 (left) 
to 1440 (right) cm-'; Le., frequencies decrease from left to right. 
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FIGURE 3: Temperature-dependent factor group splitting of the acyl 
chain CH2-scissoring mode of the diacyl phosphatidylcholines. In 
order to contain the data on one plot and permit a visualization of 
differences resulting from variations in the chain length, continuous 
curves have been plotted through the experimental data, and error 
bars have been omitted. For an example of the uncertainties, see 
Cameron et al. (1980b). 

DPPC, DHPC, DSPC, and DBPC at -100 OC and at  a tem- 
perature about 20-30 O C  below the T, of the respective lipid. 
The intense narrow absorptions which dominate this region 
result from the out-of-phase CH2-scissoring mode of the fully 
extended acyl chains, while the bending modes of the glycero 
and choline methylene groups, and those of the methyl groups, 
result in the underlying weak lines. 

In all cases at  temperatures near the T,, a single CH2- 
scissoring band contour is observed at 1468 cm-'. At -100 
OC, the band is split due to interchain coupling typical of that 
resulting from packing of the acyl chains in an orthorhombic 
subcell. As we have demonstrated in the case of DPPC 
(Cameron et al., 1980a), the splitting commences at T,,, and 
the separation between the component bands increases pro- 
gressively as the temperature is reduced below TF. Initially, 
the splitting is so small that it can only be monitored by means 
of FT-IR difference spectra and by changes in bandwidth. As 
the temperature is further reduced, the splitting increases, and 
two peak maxima are resolved; the temperature dependence 
of the splitting can then be monitored via the peak positions 
(Cameron et al., 1980b). 

Figure 3 shows plots of temperature versus peak position 
of the CH2-scissoring bands of the diacyl phosphatidylcholines. 
From this figure, it can be seen that the infrared spectra of 
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14761 I474 
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FIGURE 4: CH2-scissoring region of the infrared spectra of di- 
palmitoylphospholipids at -100 OC (bottom) and 20-30 OC below 
the T, (top). In each case, spectra are shown from 1500 (left) to 
1440 (right) cm-l; Le., frequencies decrease from left to right. 

all the phosphatidylcholines exhibit a similar thermotropic 
behavior but that there are specific differences related to the 
acyl chain length. Although the low-temperature band con- 
tours in Figure 2 are similar, the data in Figure 3 shows that 
there are differences in the magnitudes of the splitting. The 
greatest band separation is observed in the DBPC spectra. As 
the acyl chain length decreases, so does the splitting, the rate 
of reduction being particularly large in the series DPPC, 
DMPC, and DLPC. This dependence of the magnitude on 
the chain length is emphasized by the results of a measurement 
of the spectrum of DLPC at -190 OC. The CH2-scissoring 
bands were observed at 1473.5 and 1465 cm-', splitting which 
is still substantially less than that in the spectrum of DPPC 
at -100 OC (1474 and 1463.5 cm-I). 

It is of further interest to consider the way in which the band 
separation changes as the temperature is increased. In all 
cases, a rapid reduction of the splitting commences about 
50-70 O C  below the T,. The splitting then changes over a 
20-40 OC temperature range until only a single band contour 
at 1468 cm-' is observed. Differences in the rate of reduction 
of the splitting related to the chain length are not large. 
However, there is evidently a tendency for the reduction to 
occur over a smaller temperature range as the chain length 
is increased. 

The results of varying the head group are given in Figure 
4, which shows the CH2-scissoring region of the infrared 
spectra of the dipalmitoylphospholipids DPPC, DPPE, and 
DPPA at -100 OC and -20 OC below the T,. Figure 5 shows 
the positions of the CH2-scissoring bands in the spectra of these 
compounds as a function of temperature; in all three cases, 
the two components of the scissoring mode separate at similar 
rates, and the same separation is achieved at low temperature. 

Although, at -100 OC, the magnitude of the splitting does 
not depend on the nature of the head group, there is a de- 
pendence of the rate of the splitting on the head group, par- 
ticularly when we consider that the T,  of DPPC is about 20 
OC lower than those of DPPE and DPPA. More clearly de- 
pendent on the nature of the head group are the changes of 
the band contours and the way in which they change as a 
function of temperature, as shown in Figure 6. The low- 
temperature band shapes in the spectra of DPPA and DPPE 
are typical of those found in the spectra of most terminally 
substituted alkanes, and in the spectrum of polyethylene 
(Krimm et al., 1956; Snyder et al., 1978; Tasumi et al., 1964). 
The two components have similar peak heights, in contrast to 
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FIGURE 5: Temperature dependence of the factor group splitting of 
the CH2-scissoring modes of dipalmitoylphospholipids. DPPE and 
DPPA were measured at pH 7 and 11; the curves were identical. See 
Figure 3 legend for additional details. 
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FIGURE 6: Dependence of the temperature-included changes in the 
CH2-scissoring band contours of the dipalmitoylphospholipids on the 
nature of the head group. In each case, spectra are shown from 1500 
(left) to 1440 (right) cm-I; i.e., frequencies decrease from left to right. 

the band contours of the phosphatidylcholines, in which the 
peak height of the 1474-cm-' component is much greater than 
that of the 1464-cm-' component. As expected on the basis 
of earlier studies, similar relative peak heights and bandwidths 
are evident in the CH2-rocking band of DPPC at low tem- 
peratures (Mantsch et al., 1980), demonstrating that the effect 
in the CH2-scissoring mode does not result from overlap with 
one of the underlying choline or terminal methyl bending 
bands. Figure 6 also illustrates that there are substantial 
differences in the temperature dependencies of the shapes of 
the CH,-scissoring band contours of DPPC and DPPA. In 
the spectrum of DPPC (and all other phosphocholines), the 
peak height of the higher frequency component is greater than 
that of the lower frequency component at all temperatures. 
However, in the DPPE spectra (and those of DPPA), the lower 
frequency component has the greater peak height a t  higher 
temperatures, but as the temperature is reduced, the relative 
height af the high-frequency component increases until at -80 
"C it is the stronger band. 
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Finally, we emphasize that the observation of a single 
maximum at 1468 cm-' does not mark the cessation of 
splitting, only the point at which the bands overlap to the 
degree that they cannot be resolved in the absorption spectrum. 
Other FT-IR studies (this laboratory, unpublished experi- 
ments) demonstrate that in all cases factor group splitting 
continues up to Tprc (phosphatidylcholines) or T,,, (DPPA, 
DPPE). We also note that in a X-ray study of DPPE (Harlos, 
1978), it has been shown that there is a large change in the 
acyl chain packing a t  about 20 OC, and recent calorimetric 
data (Chen et al., 1980) demonstrate endothermic transitions 
of DPPC, DHPC, and DSPC multibilayers around 18-20 OC 
after annealing for several days at 0 "C. The temperature 
range roughly corresponds to the most rapid rate of change 
of the factor group splitting. However, recent studies (this 
laboratory, unpublished experiments) demonstrate that the 
correspondence is only fortuitous and that the results obtained 
by Chen et al. are specific to samples incubated for long periods 
a t  temperatures less than 6 OC and greater than -20 OC. 

Discussion 
Effects of Chain Length. We shall consider three aspects 

of the data in terms of the effects resulting from variations 
in the acyl chain length: (i) the low-temperature band con- 
tours, (ii) the magnitudes of the splitting5 at low temperatures, 
and (iii) the decrease in the factor group splitting with in- 
creasing temperature. 

The band contour reflects the summation of the bands re- 
sulting from the two components of the CH2-scissoring mode. 
The intensities, I, and Ib, of the two bands are related to each 
other (Snyder, 1961) by 

Ia/Ib = tan2 6 
where 6 is the angle between the carbon skeletal plane and the 
a axis of the subcell (Figure 1). Thus, the observation that 
the relative intensities of the two components are similar in 
all the phosphatidylcholines indicates that the overall shape 
of the subcell is the same, regardless of the chain length. 

Since factor group splitting depends on the relative orien- 
tation of neighboring chains, the magnitude of the splitting 
at any given temperature results from two factors. First, there 
is a dynamic factor reflecting the degree of torsional and 
librational motion about the long axis of the acyl chains. The 
greater the amplitudes of such motions, the smaller the vi- 
brational coupling between the chains (Decius & Hexter, 
1977). This effect results in the reduction of the splitting with 
increasing temperature. It implies a loosening of the packing 
in the orthorhombic subcell, without a concomitant loss of the 
shape of the subcell. The other factor reflects the interchain 
distance and the degree to which the acyl chains can pack in 
the orthorhombic subcell. In an ideal case, that is, compounds 
being essentially comprised of methylene groups such as long 
alkanes and polyethylene, extremely uniform packing with 
strong van der Waals' interactions is obtained. The intro- 
duction of progressively larger terminal groups and the re- 
duction of the chain length reduces the interchain interactions. 
This is essentially a steric effect, most evident near the terminal 
substituents (Hitchcock et al., 1974; Pearson & Pascher, 1979). 
Thus, in phospholipids, the interchain interactions will be 
greatest in the central regions of the acyl chains, the region 
which most closely resembles the n-alkanes and polyethylene. 
Such an effect was clearly evident when we studied a series 
of dipalmitoylphosphatidylcholines with specifically deuterated 
acyl chains. The pretransition, reflecting the loss of interchain 
interactions, is only observed in the central region of the acyl 
chains (Cameron et al., 1981). 
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Consequently, we consider that the relatively small splitting 
in the DLPC spectra reflects the perturbations to the packing 
introduced by the terminal methyl and head groups. The 
effects of the latter will be particularly large, due to the 
complex conformation in the region of the ester linkages 
(Hitchcock et al., 1974; Pearson & Pascher, 1979) and, in the 
case of the phosphatidylcholines, the relatively large cross- 
sectional area of the head group (McIntosh, 1980), which 
impose a large interchain distance near the bilayer surface. 

As the acyl chains are lengthened, the potential for van der 
Waals' interactions is increased, while the steric perturbations 
to the packing are kept constant. The consequence is that the 
factor group splitting, reflecting the degree of interaction over 
the total length of the acyl chains, increases. The results of 
this are most evident at low temperatures, where the dynamic 
effects are minimal. However, the larger interchain interaction 
in the longer acyl chains also results in the relatively large 
splitting at higher temperatures and, indeed, the increase in 
T, with increasing chain length. 

Effects of the Head Group. As discussed earlier, the shape 
of the unit cell determines the relative intensities of the two 
components of the CH2-scissoring and CH-rocking bands. 
From the large differences in the band shapes in the spectra 
of DPPE and DPPA compared to those in the spectra of the 
phosphatidylcholines, it is apparent that the orthorhombic 
subcells of these two classes of phospholipids differ. The most 
plausible explantation for the differences lies in the angles of 
tilt of the acyl chains with respect to the plane of the bilayer 
surface. Phosphatidylcholines exhibit a tilt angle of about 30' 
while the acyl chains in phosphatidylethanolamines are normal 
to the bilayer surface (McIntosh, 1980). As a consequence 
of this, there will be differences in the three-dimensional 
packing of the acyl chains which will result in differences in 
the vibrational coupling within the two-dimensional subcell. 

It has been postulated that the tilt results from differences 
in the area occupied by the head group, the PC group being 
larger than the PE group (McIntosh, 1980). Indirect support 
for this comes from the fact that the band shapes observed 
in the CH2-rocking and -scissoring modes of DPPE and DPPA 
are similar to those in the spectra of n-alkanes, while those 
of DPPC are quite different. In fact, we are unable to find 
a report of spectra of alkanes or terminally substituted alkanes 
exhibiting similar band shapes. 

Con c 1 us i o n s 
As demonstrated by the factor group splitting of the in- 

frared-active CH2-scissoring modes, the acyl chains of all gel 
phase phospholipids investigated in this study are packed in 
a two-dimensional orthorhombic subcell. With hindsight, this 
is to be expected, as the orthorhombic subcell is common to 
terminally substituted n-alkanes while the alternate hexagonal 
and triclinic subcells are rarely observed. 

The acyl chains of all investigated 3-sn-phosphatidylcholines 
pack in the same way, which results in the anomalous 
CH2-scissoring and -rocking band contours as compared to 
those found in the spectra of other acyl compounds. This 
anomalous band contour may be related to the large angle of 
tilt of the acyl chains in the phosphatidylcholines. On the other 
hand, the band contours in the spectra of DPPE and DPPA 
are similar to those found in the spectra of acyl compounds. 

Within a series of phosphatidylcholines, the magnitude of 
the factor group splitting is dependent on the acyl chain length 
and on the temperature. The different factor group splitting 
is attributed to the increased potential for strong van der 
Waals' interactions with increasing chain length, while the 
temperature dependence reflects the introduction of torsional 
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and librational motions into the acyl chains as the temperature 
is increased. 

For a given chain length, variations of the head group have 
no major effect on the value of the factor group splitting at 
low temperatures. However, subtle differences are evident in 
the temperature range from T,,, to T,,, - 70 O C .  We are 
continuing to study this by means of Fourier-transform-in- 
frared spectroscopy. 

The results of this study, together with the fact that the 
pretransition represents the final loss of the orthorhombic 
subcell, suggest that the forces governing the structure of the 
bilayer are comprised of two types, those associated with the 
head group and those resulting from the interchain interactions. 
The temperature and chain length dependencies of the factor 
group splitting indicate that the energetically most favored 
conformations of the two lipid components, the acyl chains 
and the head group, are incompatible and that the bilayer 
structure, at any given temperature and chain length, repre- 
sents a compromise between the two. In the phosphatidyl- 
cholines, the pretransition represents an abrupt change in this 
balance, hence its sensitivity to perturbants, and variations in 
the chain length. The delicacy of the balance is indicated by 
the fact that the pretransition temperatures show the same 
odd-even alteration as do the melting point series of terminally 
substituted n-alkanes (Silvius et al., 1979). 

Acknowledgments 

critical reading of the manuscript. 

References 
Cameron, D. G., Casal, H. L., & Mantsch, H. H. (1979) J. 

Cameron, D. G., Casal, H. L., & Mantsch, H. H. (1980a) 

Cameron, D. G., Gudgin, E. F., & Mantsch, H. H. (1980b) 

We thank Hector L. Casal for helpful discussions and a 

Biochem. Biophys. Methods 1 ,  21-36. 

Biochemistry 19, 3665-3672. 

Biochim. Biophys. Acta 596, 463-467. 


