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ABSTRACT A new phase transition of L-a-dipalmitoyl phosphatidylcholine (DPPC) monohy-
drate from the "biaxial" phase to a crystalline phase (C phase) has been found at 710C by
means of infrared attenuated total reflection (IR-ATR) spectroscopy. The transition is
characterized by drastic conformational changes in the glycerophosphorylcholine moiety,
which led on the one hand to an alignment of the turn near the ester group in the hydrocarbon
chain at glycerol C(2) position. On the other hand a uniform conformation of the glycerophos-
phorylcholine moiety is found to be typical for the C phase, in contrast to nonuniform head
group conformations of DPPC in other regions of the DPPC/water phase diagram investigated
so far.

INTRODUCTION

An important factor in the structure analysis of lipid-water systems is the characterization of
the different phases as a function of temperature and water content. A lot of work has been
done in the past years to construct such phase diagrams (Chapman, 1968; Luzzati, 1968;
Tardieu et al., 1973; Luzzati and Tardieu, 1974; Lee, 1977). Detailed information is available
now on phase diagrams of synthetic lecithins. Different experimental techniques or combina-
tions of them have been applied, such as x-ray diffraction (Chapman et al., 1967; Tardieu et
al., 1973; Gottlieb and Eanes, 1974; Janiak et al., 1976), differential thermal analysis, proton
and deuterium magnetic resonance (Gally et al., 1975), fluorescence studies (Galla and
Sackmann, 1974; Jacobson and Papahadjopoulos, 1975), Raman spectroscopy (Lippert and
Peticolas, 1972), diffusion studies in lipid-water lamellar phases (Rigaud et al., 1972), and
conoscopic studies by light microscopy (Powers and Pershan, 1977). In the latter investiga-
tion, monodomain samples of dipalmitoyl phosphatidylcholine (DPPC)' with varying concen-
trations of water and other ingredients have been used. The resulting phase diagram is
reproduced in Fig. 1. It reveals the existence of inhomogenous regions at the phase boundaries,
which probably consist of two phases. The phase diagram has been completed, however, by a
new crystalline phase of DPPC monohydrate. Preliminary results concerning this phase
transition have been reported earlier (Fringeli et al., 1977). In this paper, detailed results of an
IR-ATR spectroscopic investigation of the phase transition of DPPC monohydrate (- 2% wt
H20) near 71°C are reported. This transition resulted in a new phase which has not been

'Abbreviations used in this paper: C phase, crystalline phase of DPPC monohydrate (phase transition at -710C);
DPPC, L-a-dipalmitoyl phosphatidylcholine; DPPC-N('3CH3)3, DPPC with C-13 isotope labeled N-methyl groups;
IR ATR, infrared attenuated total reflection.
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FIGURE 1 Modified phase diagram for oriented mixtures of DPPC and water (cf. Powers and Pershan,
1977). The slash marks indicate where the samples do not appear homogeneous. Phase conversion biaxial
to C required heating of the sample along the path indicated in the diagram.

characterized so far. Both the hydrocarbon chain and the polar head group ordering of DPPC
turned out to be considerably higher in the new phase than in the "biaxial" phase (Fig. 1).
Because of the single crystalline character, the new phase is referred to as C phase throughout
this paper. Independently, a corresponding phase transition has been found with DL-a-DPPC
by means of infrared transmission spectroscopy.2 Furthermore, new aspects concerning the
molecular structure of the polar head group of DPPC have been derived from the C phase.

MATERIALS AND METHODS

DPPC, I-palmitoyl lysophosphatidylcholine and DPPC-N ('3CH3)3 were synthesized by R. Berchtold,
Biochemical Laboratory, Bern, Switzerland. Oriented multibilayers (mean thickness, 10-20 bilayers)
have been prepared on one side of an ATR-plate from dilute (10-2_10-3 M) chloroform solution by
evaporation of the solvent. The plate served as one wall of a sealed cell, enabling the investigation of the
lipid multilayer in a nitrogen gas atmosphere of controlled relative humidity (closed cycle). The second
side of the plate was in close contact with the thermostated sample holder to establish a homogeneous
temperature distribution in the sample. Spectra were scanned on a Perkin Elmer Model 225 infrared
spectrometer (Perkin Elmer Corp., Instrument Div., Norwalk, Conn.) equipped with a KBr grid
polarizer and an ATR attachment (Wilks Scientific Corp. Model 50). Single-pass trapezoid multiple
internal reflection plates of germanium, zinc selenide (both 50 x 20 x 1 mm), and cadmium teluride
(50 x 20x 2 mm) were obtained from Harrick Sci. Corp., Ossining, N. Y. The angle of incidence was
450, resulting in 20 active internal reflections with germanium and zinc selenide plates and ten active
reflections with cadmium teluride plates, respectively. For general information on ATR technique, the
reader is referred to Harrick (1967), whereas more details concerning its application in membrane
research are reported elsewhere (Fringeli, 1977; Fringeli and Fringeli, 1979; Fringeli, 1980).
The experiments were performed as follows. The DPPC multibilayer system was hydrated on the

ATR-plate at 220C in a nitrogen atmosphere containing 30,000-ppm H20, which corresponds to -90%

2iJirgens et al. Manuscript submitted for publication.
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relative humidity. The amount of bound water was -25% by weight as determined from the 0-H
stretching absorption band at -3,400 cm-' using Lambert-Beer's law adapted to internal reflection
spectroscopy (Fringeli, 1980). The corresponding normalized absorption coefficient was AI(3,400 cm-',
220C) - (1.3 ± 0.1). 10-8 reflection -' * molecule -' * cm -2. Fig. 2 shows polarized IR-ATR spectra
which are typical for this state. Now the temperature was enhanced stepwise, while the water content of
the atmosphere remained constant at 30,000 ppm. This procedure led to a partial dehydration of the
DPPC bilayers. The approximate pathway is indicated in the phase diagram in Fig. 1. It should be
noted, however, that no attempt was made to investigate discontinuities in the dehydration process
during the heating period. Measurements were performed at 220 (Fig. 2), 350, 450, 550, 62° (Fig. 3), 710
(Figs. 4 and 5), 760, 810, and 900C. The sample was equilibrated for at least 5 h at each temperature
before the spectrum was scanned to see if slow conformational changes (such as the phase transition
biaxial- C phase) were initiated under the corresponding conditions. The same sample was used for all
temperatures.

SPECTROSCOPIC CONSIDERATIONS

Assignment ofSignificant Absorption Bands

Structural analysis was mainly based on the following group vibrations:
,y(CH2): Wagging progression of the methylene groups of a hydrocarbon chain in all-trans

conformation, 1,180-1,350 cm-'. The progression is erased by one or more gauche defects in
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FIGURE 2 Oriented layers of DPPC at 22°C in nitrogen atmosphere containing 30,000 ppm H20 (-90%
relative humidity at 250C). The spectra are typical for DPPC in the Lff-phase (Fig. 1). (11) parallel and (4)
perpendicular polarized incident light. ZnSe ATR-plate.
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FIGURE 4 Oriented layers of DPPC at 71 0C in nitrogen atmosphere containing 30,000 ppm H20. The
spectra are scanned during the biaxial C-phase transition of DPPC monohydrate. (I) parallel and
perpendicular polarized incident light. ZnSe AiR-plate.

for trans conformation at -930 cm (Rihak et al., 1977; Fringeli, 1977; Rihak, 1979;
Fringeli and Giinthard, 1980). These bands may be used to estimate the gauche and trans
fractions of the 0-C-C-N fragment in DPPC. Potential energy distrubutions were
calculated by means of normal coordinates analysis of choline and related compounds. It was
found that the amount of Ps (N[CH3j3) is >90% for trans conformation of0-C-C-N, i.e.,
the 930-cm- mode may be considered as an "isolated" group vibration. However, strong
coupling ofv (N[CH3]3) with other vibrations occurs in the case of gauche conformation. The
corresponding potential energy distributions were found to be Ps (Np[CH3]3) (67%) and
Ps (NC4) (13%) for the 875-cma9 band, and Ps (N[CH3e3) (21%),F (CO) (33%), Ri (akCH2)
(20%), and Gun(t-CH2) (14%) for the 910-cmay band, respectively. Furthermore, it has
turned out that both the intensity and the frequency of the latter vibration are influenced by
bound water and the crystallinity of the sample. One should expect that these effects originate
from the large amount of (P) C-0 single bond stretching, i.e., this band should also be
sensitive to conformational and hydrational changes in the phosphate group region. This is
indeed the case, as discussed below.

vP (NC4) (710-720, --760 cm-'): Totally symmetric NC stretching vibration of C-
Nu(CHneot The frequency depends strongly on the conformation of the 0-CuC-N
fragment. It was found to be at 710-720 cm for gauche, and at -760 cm for trans
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spectra are typical for DPPC monohydrate in the crystalline phase (C phase, cf. Fig. 1). (1) parallel and
(4i perpendicular polarized incident light. ZnSe ATR plate.

conformation, respectively. The corresponding potential energy distributions were calculated
to be v, (NC4) (88%) and v, (N[CH3]3) (14%) for gauche, and v, (NC4) (92%) for trans
conformation. This couple of bands is most valuable for conformational analysis of the
o-cC-CN frame in choline groups by means of Raman spectroscopy. In infrared
spectroscopy, however, these bands are mostly of small intensity because of the approximate
Td symmetry of the group. Nevertheless, strong totally symmetric NC stretching bands may
occur, especially by v (NC4) coupling with a second vibration, which itself has an intense
vibrating dipole moment. An example is given in Fig. 6, which shows infrared absorption
spectra (a = -In T) of chlorocholine. The potential energy distributions for the 768- and
715-cm- bands, respectively, were found to be v, (NC4) (64%), v (CCI1) (23%) and v (CC)
(16%) (trans conformation of ClI-C-C-N), and v5 (NC4) (82%), vP, (N[CH3]3) (14%)
(gauche conformation of ClI-C-C-N). The considerable intensity of the trans band at
768 cm 1(Fig. 6 a) thus results from coupling with the C-ClI stretching vibration v (CC 1).

Mole Fractions of Conformers
If a reliable assignment of corresponding conformation dependent vibrations has been
achieved, the mole fraction of a conformer can be determined from the integrated intensities
of corresponding bands of the coexisting conformations. It should be noted, however, that,
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generally, corresponding absorption coefficients related to different conformations of a
fragment are different, i.e., mole fractions may not be determined by simple comparison of
absorption band areas. Corresponding absorption coefficients must be known, which further-
more may depend on the degree of hydration, i.e., on intermolecular interaction. This
complicating fact is demonstrated by Fig. 6. Chlorocholine assumes predominantly trans
conformation in the crystal and gauche conformation in aqueous solution. Trans-gauche
equilibrium can be controlled in the cyrstalline state by relative humidity of the gas phase
(Rihak, 1979). Chlorocholine turned out to be of particular interest for conformational studies
of Cl-C C-N (corresponding to O-C-C-N in choline or lecithin), because in
addition to vibrations of the quaternary ammonium group (see above) there is an additional
conformation sensitive vibration, the C-Cl stretching mode (v[CC1]: Bellamy, 1975,
Herzberg, 1945, Huber-Walchli and Giinthard, 1975). It is located near 735 cm-' for trans
and near 670 cm-' for gauche conformation. The potential energy distributions of these
vibrations are v (CC 1) (80%), (vs[NC41, v[CC], 'yz[a-CH2j) (- 20%) for trans, and v (CC1)
(100%) for gauche conformation (Rihak, 1979). Fig. 6 a-c demonstrates clearly the
appearance of the gauche conformer (G) upon hydration of the crystal, v, (N[CH3]3): 860 and
-910 cm-, v (CC1): 666 cm-', vs (NC4): 715 cm-'. The corresponding trans bands (T) are
at 920 cm-' (vs[N(CH3)3I), 735 cm- (v[CCl]), and 768 cm-' (vs[NC4]), respectively.
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Intensities of corresponding modes in Fig. 6 a-c reflect once more that the absorption
coefficients critically depend on the conformation, and, in the case of the totally symmetric
C-N stretching vibration (v,[NC4], 768 cm-'), also on the degree of hydration. Neverthe-
less, Fig. 6 a-c can be used to estimate the ratio of the absorption coefficients
atrans (v,[N(CH3)3], 920 cm-')/agauche (vs[N(CH3)3I, 860 cm-'). Considering the potential
energy distribution of v (CC I) in trans and gauche conformation, as indicated above, one is
led to the conclusion that the intensities of both bands should be determined predominantly by
the oscillating dipole moment of the C-Cl stretching vibration. Therefore the ratio of
gauche- and trans-band areas approximately equals the ratio of corresponding molar
fractions, i.e., at 90% relative humidity (Fig. 6 c) chlorocholine exhibits about equal amounts
of gauche and trans conformers. This conclusion is consistent with the 920-cm- ' band area in
Fig. 6 c which is about one half the corresponding area in Fig. 6 a (overlapping by new gauche
bands at 935 and -910 cm- must be taken into account when estimating the area of this
band in Fig. 6 c), indicating furthermore that vY (N[CH3]3) is not significantly affected by
hydration. A comparison of the area of the 860-cm-' band (Fig. 6 c) with that of the
920-cm-' band (Fig. 6 a) reveals that the absorption coefficient of v, (N[CH3]3) has to be
about seven times larger for trans conformation of C1-C-C-N (920 cm-') than for
gauche conformation (860 cm- '). Moreover, since the corresponding potential energy
distributions are found to be very similar in both choline and chlorocholine, the conclusion
should also be valid for the O-C-C-N fragment of choline. This, however, enables an
estimation of gauche and trans fractions in the choline head group of DPPC and related
compounds. Finally, it should be noted that the potential energy distributions indicated in this
paper have been calculated for isolated, noninteracting molecules: hydration effects have not
been considered in normal coordinate analysis. As shown above, however, v1 (N[CH3]3),
which has been used for the determination of gauche and trans mole fractions, is an equally
good approximation independent of the water content. An extensive discussion of further
absorption bands of DPPC was given elsewhere (Fringeli, 1977).

RESULTS

Evidently, only minor conformational changes in the polar head group region of DPPC occur
upon heating the sample to 620C along with the path indicated in Fig. 1. This fact is
demonstrated by the similarity of corresponding absorption bands of the polar head group
(Figs. 2 and 3). However, enhancement of temperature was paralleled by a continuous
reduction of hydrocarbon chain ordering. Fig. 7 a shows the amount of all-trans hydrocarbon
chains relative to the initial sample as determined via the wagging progression (-yW[CH2]:
1,200, 1,222, 1,244, 1,266, 1,288, 1,310, 1,332 cm-'). The band at 1,200 cm- was used for
intensity measurements. The amount of all-trans chains was determined by means of the
procedure described by Fringeli (1980). The normalized absorption coefficient was A (1,200
cm ', 220C) = (1.8 ± 0.1) * 10`'9 reflection-' * functional group-' * cm2. It decreased by
0.2%/OC as the temperature was increased. Concerning the amount of hydrocarbon chains
assuming all-trans conformation there is an approximately linear decrease of (1.3 ± 0.2)%/
OC. However, when the sample was kept for several hours at 71C, recrystallization of DPPC
monohydrate (Fig. 1) occurred. The most surprising features of this process were on the one
hand the doubling of the number of hydrocarbon chains with all-trans conformation. About
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FIGURE 7 Effect of temperature on the structure of the hydrocarbon chains of oriented layers of DPPC.
The percentage of all-trans chains was determined relative to the initial sample by means of the
CH2-wagging (-y.[CH2]) absorption band at 1,200 cm-'. (a) Nitrogen atmosphere, 30,000 ppm H20.
(The point at 228%/250C was determined from C-phase DPPC in dry nitrogen, 200 ppm H20) (b)
Nitrogen atmosphere, 200 ppm H20 (- 1% relative humidity at 250C).

96% all-trans chains were found now with respect to the initial sample and, on the other hand,
chain alignment was paralleled by a conformational change in the glycerophosphorylcholine
part of DPPC, assuming now almost perfect orientation and uniform conformation (Figs. 4
and 5). The duration of the recrystallization process depended on the material of the
ATR-plate, e.g., completion was achieved after 12 h on zinc selenide plates, but only after - I
wk on germanium or cadmium teluride internal reflection plates. However, the structure of
the C phase was found to be independent of the ATR-plate used, i.e., contamination by the
plate material could not play a significant role. Further enhancement of the temperature up to
900C resulted in only minor changes of the polar head group conformation. However, it led to
a continuous reduction of hydrocarbon chain ordering. The reduction of all-trans hydrocarbon
chains in the C phase was now determined from Fig. 7 a to be (2.6 + 0.2)%/OC, i.e., twice the
slope observed with DPPC in the biaxial phase under the same conditions.

Reduction of the temperature below 71 OC reconverted DPPC into the original conforma-
tion. It should be noted, however, that hydrocarbon chain ordering was found now to be
considerably better than in the initial sample (beginning of the cycle). On the other hand, if
crystalline DPPC (C phase) is cooled down to 250C in a dry nitrogen atmosphere (-200 ppm
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H20) the molecular structure typical for the C phase remained stable over longer periods (the
period of observation was 1 wk). Reconversion into the original structure occurred with a time
constant of 1.2 min when C-phase DPPC was exposed at 250C to a nitrogen atmosphere with
30,000 ppm H20 (-90% relative humidity).

Finally, it should be noted that the transition from the biaxial phase (Fig. 1) to the C phase
could not be accomplished by heating the sample in a dry nitrogen atmosphere. As
demonstrated by Fig. 7 b, hydrocarbon chain ordering decreased linearly with increasing
temperature. The slope was (1.54 ± 0.1)%/OC, i.e., approximately the same as already
observed in humid atmosphere before the phase transition (cf. Figs. 1 and 7 a).

Drastic conformational and reorientational changes occured in the glycerophosphorylcho-
line region during the biaxial -- C transition. A summary of the main features is given below:
(a) Fatty acid ester groups: Typical absorption bands of this group result from C==O
double-bond stretching (v[C=O]: -1,740 cm-') and C-O single-bond stretching
(v[C-,O]: -1,180 cm-') (Fringeli, 1977). Splitting of v(C==O) on the one hand and a more
pronounced polarization of v(C-O) at 1,175 cm-' upon crystallization on the other hand
(Figs. 3, 4, and 5) point to a more uniform conformation of the two fatty acid ester groups.
The same information is obtained from the 1,090-cm-' band, which is tentatively assigned to
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FIGURE 8 IR-ATR spectra of oriented layers of: (a) l-palmitoyl lysophosphatidylcholine, N2 atmosphere
(200 ppm H20), "biaxial" phase, 220C, KRS-5 ATR-plate; (b) I-palmitoyl lysophosphatidylcholine, N2
atmosphere (30,000 ppm H20), C phase, 7 1°C, ZnSe ATR-plate; (c) DPPC, N2 atmosphere (200 ppm
H20), "biaxial" phase, 250C, CdTe ATR-plate (annealed sample); (d) DPPC, N2 atmosphere (30,000
ppm H20), C phase, 71°C, CdTe ATR-plate; (e) DPPC-N("3CH3)3, N2 atmosphere (30,000 ppm H20), C
phase, 670C, ZnSe ATR-plate; (f) DPPC-N('3CH3)3, N2 atmosphere (200 ppm H20), C phase, 250C,
ZnSe ATR-plate; (g) DPPC, N2 atmosphere (200 ppm H20), biaxial phase, 250 and 900C, respectively,
ZnSe ATR-plate. (11) parallel and (4) perpendicular polarized incident light.
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a stretching vibration of the O(l )-C( 1 )-C(2)-O(2) fragment of glycerol. (b) Phosphate
group: Comparison of corresponding absorption bands (e.g., i,as(PO2 )(- 1,250 cm-'),
vA(PO2-)(-1,100 cm-'), v(CO[P])(1050 and 1080 cm-'), vas(PO[C])(818 cm-') and
v5(PO[C]) (759 cm-') as well as the phosphorylcholine deformation vibrations in the 400- to
600-cm-' region (Fig. 8 c, d, and g) before (Fig. 3), during (Fig. 4) and after (Fig. 5) the
phase transition biaxial -- C reveals well resolved, distinct bands in the C phase. In contrast,
broader and only weakly resolved bands are found in the biaxial and the L,-phase,
respectively. The most reasonable explanation of this is that a uniform conformation of the
phosphate group region can only be expected in the C phase. Nonuniform headgroup
conformation had already been proposed earlier (Fringeli, 1977). More recent nuclear
magnetic resonance (NMR) data of lysolecithin (Hauser et al., 1978) revealed the existence
of three different conformations in the glycerol region, too.

Information about the orientation of the P02- group was obtained from the polarizations of
Vas (PO2-) and v, (PO2 ), respectively (Fringeli, 1977). In the C phase it was found that the
connective line between the two nonesterified oxygen atoms of >PO2- formed an angle of
600 ± 50 with the normal to the plane of bilayers. The corresponding angle of the bisector of
O-P-0 was found to be 330 ± 100, i.e., the spacial orientation of the PG2- group remained
approximately the same as in the biaxial and L-phases (Fringeli, 1977; Seelig, 1978; Griffin et
al., 1978). Concerning the conformation of C(3)-0(3)-P-0(4)-C(4) the observed
frequencies of ,as(PO[CI)(818 cm-') and v,(PO[C])(759 cm-') are in good agreement with
the calculated frequencies (825 and 755 cm-, respectively) of g+g+ or g-g- conformation of
this fragment (Shimanouchi, 1964). It should be noted, however, that comparison of Figs. 3
and 5 or Fig. 8 c and d reveal a drastic change in the polarization of vJas(PO[C]) at 818 cm-,
which probably results from internal rotations about the P-0(3) and 0(3)-C(3) bonds.
This conformational change orients the P-0(3)-C(3)-C(2) fragment in an upright
position, probably assuming trans conformation. This interpretation is consistent with the
strong 11-polarization of jv(CO[P]) at 1,078 cm-'. On the other hand, the corresponding
v(CO[P]) vibration of the phosphocholine ester group at 1,052 cm-' as well as the v,
(N[CH3]3), (gauche) vibration at 904 cm-' (cf. Materials and Methods) exhibit a polariza-
tion typical for transition dipole moments oriented randomly in a plane parallel to the
ATR-plate, i.e., parallel to the plane of the bilayers (Fringeli, 1977). Because normal
coordinates analysis revealed that the directions of the transition dipole moments of both
vibrations were significantly influenced by C-0 single bond stretching, one should assume
the C(4)-0(4) bond to deviate by <200 from the plane of the bilayers. Finally, some remarks
should be made concerning the conformation of the choline head group. A number of typical
vibrations have already been discussed in Materials and Methods. DPPC with '3C-labeled
N-methyl groups was used to check the assignments. This isotopic substitution led to
frequency shifts of only those absorption band involving vibrations of the quaternary
ammonium group. As demonstrated by Fig. 8 d and e, shifts of some wave numbers could
indeed be observed with vas(N[CH313), vs(N[CH3j3) and vs(NC4).
The absence of the 930-cm-' component of vs(N [CH3] 3) in the C-phase spectra (Figs. 5 and

8 b, d, e, and J) points to the absence of a trans conformer of 0(4)-C(4)-C(5)-N.
Furthermore, the conformational changes in the glycerophosphorylcholine region had
reoriented the C(5)-N bond, leading to distinct polarizations of vs(N[CH3]3) (gauche) at
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875 cm-' and of two A-type antisymmetric CH3-bending vibrations of the N-methyl groups
(bas[(N)CH3], A-type) at 1,506 and 1,400 cm-', respectively. A more detailed discussion of
the latter vibrations has been given earlier (Fringeli, 1977). The transition dipole moments of
all three vibrations are directed approximately parallel to the C(5)-N bond, as concluded
from normal coordinates analysis. Therefore, straightforward dichroic analysis (Fringeli,
1977; Fringeli and Guinthard, 1980) resulted in 15° ± 50 for the angle between the C(5)-N
bond and the normal to the plane of the bilayers. Moreover, the distinct polarization of these
bands gives further support to the conclusion of uniform gauche conformation of 0(4)-
C(4)-C(5)-N in the C phase.

Furthermore, it should be mentioned that the conformation of the choline head group of
DPPC in the biaxial and L-phases is not expected to be completely uniform, because the
existence of the v,(N[CH3j3) band at -930 cm-' points to a certain amount of trans
conformation. This amount could be enhanced upon heating DPPC in dry nitrogen
atmosphere from 250 to 900C. Enhancement of the trans band at -930 cm- 'is paralleled by a
decrease of the intensities of the two corresponding gauche bands at -920 and 875 cm-',
respectively (cf. Fig. 8 g). Accurate determination of trans and gauche fractions, however, is
complicated by two facts, namely overlapping of vs(N[CH3] 3)(trans, -930 cm- ') and
vs(N[CH313)(gauche, -920 cm-'), as well as by considerable differences in the absorption
coefficients of gauche and trans bands (cf. Materials and Methods). Nevertheless, one may
estimate that at 250C the amount of trans conformation of DPPC in the biaxial and La-phase
is -10%.

Finally, it should be noted that the phase transition biaxial C reported for oriented layers
of DPPC could also be observed with oriented layers of 1 -palmitoyllysophosphatidylcholine
under the same experimental conditions (Figs. 8 a and b).

DISCUSSION

The IR-ATR data reported in the preceding sections enable a detailed understanding of the
phase transition biaxial - C (Fig. 1) on a molecular level. Evidently, the transition originates
in a significant conformational change of the polar head group. This fact is documented on the
one hand by the existence of the same phase transitions in DPPC and in 1 -palmitoyllysophos-
phatidylcholine, and on the other hand by the apparent realignment of already melted
hydrocarbon chains (cf. Fig. 7 a). The real reason for the enhancement of the amount of
all-trans hydrocarbon chains, however, was a conformational change in the glycerol moiety,
which led to an alignment of the turn near the fatty acid ester group attached to glycerol C(2)
position. This turn has found to be typical for a variety of phospholipids (Hitchcock et al.,
1974; Seelig and Seelig, 1975; Fringeli, 1977). Because of this turn, chain 2 could never
contribute to the wagging progression (see above) as long as DPPC assumed the conforma-
tions typical for the biaxial phase, and P,-phase, or one of the L-phases (Fig. 1). Only in the C
phase, all-trans conformation of chain 2 is established. This is documented by a doubling of
the intensity of the CH2-wagging progression in the course of the transition at 710C, as well as
by doubling of the slope of the percent of all-trans vs. temperature curve (Fig. 7 a). It should
be noted, however, that alignment of chain 2 could also be induced by the peptide antibiotic
alamthicin when incorporated into dry DPPC double layers (Fringeli and Fringeli, 1979).
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Taking the molecular structure of dipalmitoylphosphatidylethanolmanine as determined by
x-ray analysis into account (Hitchcock et al., 1974), one may conclude from a molecular
framework model that at least four internal rotations are required to obtain a molecular
structure of DPPC, consistent with the IR-ATR data reported here. Rotation about
Co(2)-Ca(2) (CO[2], C,,[2]):C atoms of carboxyl group, and a-methlene group of chain 2,
respectively), C(2)-O(2) and C( l )-O( ) would enable alignment of the hydrocarbon chain
2 at glycerol C(2) position, whereas rotation about the P-0(3) bond would bring the
O(3)-C(3)-C(2) fragment in upright position as required from polarization measure-
ments. The following tentative structure of DPPC in the C phase is consistent with the
IR-ATR data reported in this paper: Chain 1: Ca(1 )-C0( 1 )-O(1 )-C(1), trans; CO( 1)-
O(1)-C(1)-C(2), gauche (+); O(1)-C(I)-C(2)-C(3), trans. Chain 2: CJ(2)-
Co(2)-O(2)-C(2); trans; C0(2)-O(2)-C(2)-C(3), trans; O(2)-C(2) C(3)-0(3),
gauche (+). Phophorylcholine: C(2)-C(3)-O(3)-P, trans; C(3)-O(3)-P-O(4),
gauche (+); O(3)-P-O(4)-C(4), gauche (T); P-O(4)-C(4)-C(5), trans; 0(4)-
C(4)-C(5)-N, gauche (+).

Evidently, the C phase of DPPC offers a chance for an accurate determination of the
structure of glycerophosphorylcholine by x-ray diffaction. However, one should be aware that
significant differences exist between the structure of DPPC in the C phase and under
biologically relevant conditions.

Concerning the molecular structure of DPPC in the latter case it should be noted that the
IR-ATR results reported above are generally in good qualitative agreement with recent NMR
data, e.g., nonuniform conformation of the glycerol moiety of lysophosphatidylcholine was
concluded from 'H-NMR data (Hauser et al., 1978) and identical spacial orientations of the
phosphate group were found by both 3'P-NMR experiments (Griffin et al. 1978; Seelig,
1978), and IR-ATR spectroscopy. The different interpretations of the phosphorylcholine
structure, which are based on the one hand on 3P- and 2H-NMR data (Seelig, 1978) and on
the other hand on IR-ATR data (Fringeli, 1977; this paper) are probably only apparently
contradictory. IR-ATR spectroscopy reveals at least two different conformations for both the
C(3)-O(3) P 0(4)-C(4) and the O(4)-C(4)-C(5)-N fragments. In the latter case,
IR-ATR data showed that gauche conformation was dominant. However, a significant
amount (-10%) of the fragment was found to assume trans conformation. On the other hand,
the structure of the polar head group of DPPC as concluded from NMR data is either
all-gauche (+) or all-gauche (-), featuring rapid conformational transitions from one form
into the other. It should be noted that "rapid" has to be considered in the time scale ofNMR
spectroscopy, i.e., in a microsecond scale. Obviously, intermediate conformations of the
phosphorylcholine group must occur during an all-gauche (+) to all-gauche (-) transition
and vice versa. However, the intermediates could be too short lived to be resolved by NMR
spectroscopy. Since IR spectroscopy has a time resolution on the order of 10-` transient
conformations are always detected, unless their concentrations are too small. This fact could
be a reasonable explanation for the detection of a small amount of trans conformation in the
choline head group of DPPC by IR-ATR spectroscopy.

Finally, it should be mentioned that hydrocarbon chain ordering of DPPC in the Lo, and
biaxial phases was considerably enhanced by the annealing process LO -* biaxial - C
biaxial -- L, as documented by Fig. 7 a. The mean tilt angle of the hydrocarbon chains is now
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found to be 200 ± 50 in the biaxial phase at 220C and 2-4% water content by weight. A tilt
angle of 290-350 has been reported earlier (Fringeli, 1977) for nonannealed oriented layers of
DPPC under the same experimental conditions. Recently, Stamatoff et al. (1979) have
studied the hydrocarbon chain tilt angle of DPPC in the biaxial phase containing 2% and 10%
water by weight. The x-ray analysis revealed a decrease of the tilt angle with increasing water
content, paralleled by an increase of the mosaic spread from 40 to 100. The tilt angle was
reported to be 12.50 at 10% water content. This finding is in agreement with our infrared
ATR data obtained from annealed DPPC multilayers under corresponding conditions.
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