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Conformation of Phosphatidylethanolamine in the Gel Phase As Seen by 
Neutron Diffraction? 

Georg Biildt* and Joachim Seelig 

ABSTRACT: For confirmation of some general aspects of 
phospholipid conformation in membranes and extension of 
previous neutron diffraction studies on dipalmitoyllecithin, 
measurements have now been made on 1,2-dipalmitoyl-sn- 
glycero-3-phosphoethanolamine (DPPE) in the gel phase by 
the same method. Three selectively deuterated samples were 
investigated; in one of the specimens the first methylene seg- 
ment close to the glycerol backbone in both chains was deu- 
terated, and in the other two samples one of the methylene 
segments in the phosphoethanolamine group was replaced by 
CD2. Together with the undeuterated DPPE, these probes 
were investigated at very low water content (about 1.5-2 
molecules of water per lipid) as oriented samples at 25 “C. 

w h e n  the characteristics of the phospholipids in biological 
membranes were investigated, it was soon found that many 
lipids in their pure form exist in several thermodynamic phases, 
dependent on water content, temperature, pH, and ion conc- 
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The intensities of the first 12 reflections were collected and 
phased, and the mean positions of the segments were deter- 
mined. The results confirm the idea that the conformation 
of a DPPE molecule in the gel state is very similar to the 
crystal structure of rac-l,2-dilauroyl-sn-glycero-3-phospho- 
ethanolamine. The two main features are (1) the chains re- 
main in all all-trans conformation having an axial displacement 
of about 3-4 A, (2) the zwitterionic dipoles in the head groups 
of both compounds are found to be aligned almost parallel to 
the bilayer surface. The main advantage of the method results 
in the fact that the combination of neutron scattering with 
selectively deuterated probes allows the determination of the 
mean label position to an accuracy of up to f l  A. 

netration (Chapman et al., 1967; Luzzati, 1968; Chapman & 
Wallach, 1968; Sackmann, 1978). The main structural fea- 
tures of these phases were determined by X-ray diffraction 
(Tardieu et al., 1973; Levine & Wilkins, 1971; Janiak et al., 
1976). At least two of these phases seemed to be particularly 
important for biological membranes, the gel phase and the 
liquid-crystalline phase. Moreover, it was found that changes 
of temperature, pH, or ion concentration can cause a transition 
between these two states (Trauble & Eibl, 1974). The effect 
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of these phases on the function of integral membrane proteins 
and on their distribution in the plane of the membrane has 
been well demonstrated in reconstituted systems of membrane 
proteins with only one kind of lipid (Kleemann & Mc Connell, 
1976) and for natural membranes enriched in one lipid species 
(Overath et al., 1970; Wallace et al., 1976). 

Thus it was important to look for methods that could give 
a detailed structural picture about the lipid conformation in 
the head group and glycerol backbone region as well as values 
which can characterize the statistics of the hydrocarbon chain 
conformation. One type of method that has been very suc- 
cessfully used is nuclear magnetic resonance, especially deu- 
terium magnetic resonance (2H NMR) (Seelig, 1977; Oldfield 
et ai., 1978; Stockton et al., 1977; Seelig & Seelig, 1978). 
From these experiments, the second moment of the segmental 
orientation function is obtained; this, in terms of order pa- 
rameter profiles, has been proved to be a very sensitive property 
of the chain conformations. 

On the other hand, positional information as obtained from 
X-ray and neutron investigations gives direct access to these 
features. Here different approaches have been made in the 
past. One possibility is small-angle scattering on unilamellar 
vesicles or membrane dispersions. As was first shown by 
Wilkins et al. (1971), Engelman (1971), Lesslauer et al. 
(1972), and Pape et al. (1974), these experiments can also give 
information about the bilayer profile but, unfortunately, with 
low resolution. The other possibility is diffraction on multi- 
lamellar stacks of membranes where resolution is increased 
more according to the enhancement of the intensity by the 
one-dimensional lattice factor, but here also profile resolution 
does not exceed (4-5 A in the best cases [see, e.g., Lesslauer 
et al. (1972); Torbet & Wilkins, 19761. It has been shown, 
however, that by neutron diffraction using selectively deu- 
terated lipids it is possible to determine the mean position of 
the labeled segment with a precision of f l  A in many cases 
(Buldt et al., 1978, 1979; Zaccai et al., 1979). Here the 
information is obtained by subtracting the structure factors 
of a sample deuterated in a certain position from the structure 
factors of the undeuterated sample. 

In the present paper we continue this work with respect to 
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) 
in the gel phase. This seemed to us another interesting 
phospholipid with similar overall properties as 1,2-di- 
palmitoyl-sn-glycero-3-phosphocholine (DPPC) so that the 
results together with those of DPPC could give rise to some 
more general ideas about the conformation of phospholipids 
in membranes. In addition, rac- 1,2-dilauroyl-sn-glycero-3- 
phosphoethanolamine (DLPE), which is four methylene seg- 
ments shorter than DPPE, is one of the rare examples of a 
phospholipid which has been crystallized (Hitchcock et al., 
1974). Very recently crystals from 1,2-dirnyristoyl-sn- 
glycero-3-phosphocholine (DMPC) have also been grown and 
their structures determined (Pearson & Pascher, 1979). It 
is clear that the structure of a phospholipid in a crystal cannot 
provide a picture of the chain statistics (especially not for a 
lipid in the fluid phase), but it may provide a firm basis for 
the discussion of those regions in the lipids which seem to be 
less flexible such as the glycerol backbone. Thus it is inter- 
esting to notice that in both crystals the glycerol part and the 
sn-1 fatty acyl chain are extended nearly in one line whereas 
the sn-2 chain has a sharp bend at the beginning which results 
in an axial displacement of about 3.6 %I between the two 
chains. Another important feature seen in the crystals is the 
orientation of the zwitterionic dipole which is almost parallel 
to the bilayer surface. As we were able to show in our previous 

work, these basic characteristics derived from the crystal data 
are still preserved in DPPC when it forms bilayers (Buldt et 
al., 1977, 1979; Zaccai et al., 1979). 

For the present paper, we shall investigate these features 
for the gel state of DPPE. For this purpose, we synthesized 
three different samples of DPPE deuterated in the C, position 
(NCD2CH2P) and the C, position (NCH2CD2P) of the 
phosphoethanolamine group. Another sample was deuterated 
in the C-2 positions [CCDz(CH2)&H3] of both fatty acyl 
chains; the CD2 segment in the chain which is attached to the 
first carbon atom of the glycerol backbone is called the C-2( 1) 
label whereas the CD2 segment in the other chain is the C-2(2) 
label. 

Materials and Methods 

The synthesis of the samples deuterated at the C,, C,, and 
C-2 positions has been described in detail by Gally et al. 
(1975), Seelig & Gally (1976), and Seelig & Browning (1978). 
Undeuterated DPPE was purchased from Fluka. The purity 
of all samples was checked before and after the experiment 
by thin-layer chromatography. 

The preparation of oriented multilayers was achieved as 
follows: Forty milligrams of each sample was sonicated in 1 
mL of ethanol and then spread on a very clean quartz slide 
(6.5 X 2.5 cm2). The ethanol was slowly evaporated by a 
gentle stream of nitrogen. Residual ethanol was removed by 
placing the slides into high vacuum for 12 h. 

The quality of the orientation of these multilayer stacks was 
tested by X-ray measurements on these slides to obtain high 
enough resolution in the neutron experiments. They were 
inserted in a double-mirror focussing camera. Each slide was 
slowly rotated by a motor ( l o  in 6 min) about a horizontal 
axis which was aligned to go parallel to the slide through the 
thin lipid film. The sample was then further aligned so that 
this axis of rotation crossed the X-ray beam a t  right angles. 
The longer extension of the cross sectional area of the X-ray 
beam (8 X 1 mm at the sample position) is thus oriented 
parallel to the axis of rotation. A photographic film mounted 
at the position at the point focus of the camera showed the 
arcs of the lamellar diffraction. The intensity distribution on 
the arcs was a measure of the mosaic spread of the sample. 
The slide was oscillated within a certain angular range several 
times in order to see how many reflections could be collected 
in a resonable time. 

The neutron diffraction experiments were carried out on 
a 4-circle diffractimeter, the D16 instrument at the Institut 
Laue-Langevin (ILL) in Grenoble. The experimental setup, 
the data acquisition, and the corrections for the integrated 
intensities have been described in detail by Biildt et al. (1979). 
The diffraction patterns of the samples were measured by 8-20 
scans at 25 OC and 100% relative humidity. The samples were 
studied with different amounts of H 2 0 / D 2 0  mixtures in the 
water layer between the bilayers, the undeuterated sample and 
the C-2 sample in H20,  50% D20, and D,O, the C, sample 
in H 2 0  and D20,  and the C, sample in H20 .  From the 
changes in the profiles going from H 2 0  to D20,  it was seen 
that very little water was trapped between the layers; this was 
estimated to be about 1.5-2 molecules of water/lipid. 

Results 

In former experiments (Buldt et al., 1979) the water was 
used as an isomorphous replacement site for phasing the re- 
flections. In the present case, since the water uptake is low, 
only those reflections that strongly depend on H20 /D20  ratio 
could be phased by this means as indicated in Table I. 
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Table I: Experimental Structure Factors of the Lamellar 
Reflections from Three Oriented Samples in H,O 
(Lamellar Spacing 55.8 A)a 

B U L D T  A N D  S E E L I G  

h DPPE c o  c-2 

1 -42.3 i 4.0 w -58.8 i 4.0 w 

3 0.0 k 1.5 -11.9 t 1.5 w 
4 -26.6 ? 1.5 w -20.5 f 1.5 w 

6 -5.4 i 1.3 w -7.1 i 1.3 w 
7 -13.9 f 1.0 -9.8 i 1.2 
8 9.0 i 1.2 0.0 f 1.2 
9 0.0 i 2.0 0.0 i 2.0 

10 0.0 k 3.0 -18.5 i 3.0 w 
11 16.1 f 4.0 23.7 i 4.0 
1 2  -30.1 i 7.0 -35.5 i 7.0 

2 18.2k 2.0 w 33.8 f 2.0 w 

5 10.1 i 1.5 w 7.8 f 1.5 w 

-49.1 t 4.0 w 
9.2 T 2.0 w 

19.3 k 1.5 w 

7.5 i 1.5 w 
-34.5 i 1.5 w 

-6.8 i 1.3 w 
-21.3 i 1.3 

11.4 i 1.2 
0.0 f 2.0 

16.5 k 3.0 w 

"w" indicates that these phases were determined by using the 
water layer as an isomorphous replacement site. The uncertainties 
of these structure factors are partly the standard deviations of the 
neutron counts. In addition, the uncertainties of the first three 
structure factors were also influenced by an estimated error from 
the vertical slit correction factor. Because the orders 11 and 12 
are obtained against a steeply sloping backgound arising from 
quartz scattering, the errors are relatively larger than the others. 

Therefore additionally using the classic crystallographic me- 
thod, we looked for the position of the deuterated segment in 
the difference Patterson map 

2 
p(X) = 2 [ I p ~ ( h ) l  - l p ~ ( h ) I ] '  COS 2axh/d (1) 

h = l  

where d is the lamellar repeat distance and FDD(h) and F',(h) 
are the observed structure factors with the deuterated and the 
undeuterated segment, respectively. This Patterson map will 
become incorrect if several phases change between corre- 
sponding structure factors in both sets of data. Therefore this 
procedure can only give correct solutions in cases where the 
scattering length of the label is not too strong as for C, and 
C, labels, where only one CD, segment is introduced into the 
head group. Experimentally it is possible to detect a phase 
change between the deuterated and undeuterated sample by 
preparing a specimen which is, for example, a 1:l mixture of 
these lipids. In a plot of the corresponding structure factors 
against the lipid fraction of the mixture a phase change would 
be detected. The scaling factors between the samples can be 
calculated from the structure factors of the water layer. At 
low water content, however, these structure factors are not very 
precise and can introduce large uncertainties in the values of 
the scaling factors. In addition, since the amount of material 
available was low, we could not use this procedure. In practice, 
instead of using only the one-dimensional difference Patterson 
map, a simple model for the shape of the deuterated segment 
in projection to the bilayer normal was introduced, and the 
position and the scaling factor was obtained from a fit of the 
absolute value of the calculated structure factors IF(h)l to the 
difference of the absolute values of the observed structure 
factors lF"~(h ) l  and IF"H(h)l. As in our earlier work, a 
Gaussian-shaped model was assumed 

where the parameter p is the square root of the mean-square 
displacement of the deuterated segment and xo is the mean 
position of the segment (p in eq 2 is slightly different from 

L I I 

0 10 20 30 
I 1 

FIGURE 1 : The solid line is the difference Patterson profile as obtained 
from eq 1 by using the unphased 12 structure factors of the C labeled 
DPPE and of the undeuterated DPPE; the broken line is the Ltterson 
plot determined from 12 structure factors (eq 3) calculated for a 
Gaussian label (eq 2) with the parameters xo = 25.4 A and p = 0.9 
A. 

v as defined in previous papers, v2 = 2p2). The calculated 
structure factors for this model are 

P(h) = 2t e~p[-2(pah/d)~]  cos (2nxoh/d) (3) 
where t is the scattering length of the label. This leads to the 
minimization procedure 

[Ill;"D(h)b - l F H ( h ) l l  - lF(h)1I2 -+ min (4) 
where s is the scaling factor, which is necessary since P D ( h )  
and p ~ ( h )  are obtained from different slides. From this 
minimization procedure, the following values for the C, pos- 
ition were obtained: 

sample in HzO: xo = 25.4 8,; p = 0.9 8, 
sample in D,O: xo = 25.6 8,; p = 1.2 8, 

The distance xo is measured from the center of the hydro- 
carbon chain region. The xo values for the samples in HzO 
and DzO are very close together although they are derived 
from two independently measured sets of reflections, which 
proves that these data are very reliable. Figure 1 shows the 
difference Patterson map of the observed structure factors 
(solid line) and the calculated Patterson profile of the Gaussian 
label (broken line) using the parameters determined in the 
above fit. The peak at 5.4 8, in the difference Patterson map 
corresponds to a mean position of the C, label of xo = 25.2 
8,. Thus these preliminary results give a certain value of xo 
so that this segment can now be used as an isomorphous re- 
placement site to determine the signs of the structure factors. 
When a Hargreaves plot was used (Zaccai et al., 1975), those 
phases for the deuterated and the undeuterated samples were 
found which could not be determined from the water layer 
(Table I). By fitting now the F(h)  values to the phased 
structure factors with 

[pD(h)s - p H ( h )  - P(h)] '  -+ min (5) 

we obtained the same xo and p values as given above. For the 
C,-labeled sample reflections up to the 12th order were col- 
lected in H20 .  Unfortunately the reflections 9 and 10 were 
lost by an accident in the machine computer so that a dif- 
ference Patterson plot cannot be given. However, a fit ac- 
cording to eq 4 is still possible and gives for the C, segment 
xo = 25.4 8, and p = 1.1 A, which together with the position 
of the C, segment determined above is a first indication that 
the dipole orientation is parallel to the membrane surface. 

In the case of the C-2 labels, only the first 10 of 12 ob- 
servable orders were used since reflections 1 1 and 12 are much 
weaker then in the case of the C, label. As seen from Table 
I, these orders have large errors which result from the fact that 
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FIGURE 2: (a) Difference Patterson according to eq 1 by using the 
first 10 structure factors of the C-2 labeled DPPE and the unlabeled 
DPPE. The arrows mark the two peaks which correspond to the 
C-2(1) and C-2(2) label. (b) Patterson plot determined from 10 
structure factors calculated for two Gaussian labels with the parameters 
xo = 17.6 A for the C-2(1) label and xo = 22.0 A for the C-2(2) label 
and I.L = 0.3 A in both cases. (c) Patterson plot as in (b) but with 
the same value of xo = 19.8 A for both labels and /1 = 0.3 A. 

they are subtracted from the strongly increasing background 
of the quartz scattering at these angles. The difference 
Patterson was plotted as shown in Figure 2a to obtain an 
indication of the positions of the C-2 labels. Two peaks are 
seen in this figure, showing the label positions of C-2(1) at 
16.7 A and of C-2(2) at 19.5 A. It is clear that these values 
are influenced by Fourier truncation errors. Therefore a fit 
according to eq 4 was made, and the positions were found to 
be 17.6 A for C-2(1) and 22.0 for C-2(2). The Patterson 
diagram corresponding to these values is shown in Figure 2b, 
having two peaks at the same positions as in 2a. For com- 
parison, the lower plot (Figure 2c) gives the Patterson map 
for two Gaussian labels which have the same position in the 
profile; the parameters are xo = 19.8 A and jt = 0.3 A. Here 
only one dominant peak occurs. Thus these plots indicate that 
both chains are out of step by as much as 3 A. This, however, 
should not be considered as a proof but as a first indication 
since phase changes between corresponding structure factors 
might alter this picture. In the next step, the mean positions 
of the C-2(1) and C-2(2) labels were determined from a fit 
according to the minimization condition (eq 5 )  using only those 
structure factors of the C-2 sample (Table I) where the phases 
have already been determined by using the water layer as an 
isomorphous replacement site. The values obtained were 17.5 
A for C-2(1) and 21.9 A for C-2(2). Then in order to de- 
termine the phases of the 7th and 8th orders of the C-2 sample, 
all phase combinations of these structure factors were added 
to the already phased reflections and used in the fit (eq 5 )  with 
the additional constraint for the two xo values to deviate not 
more than f 2  A from the predetermined values 17.5 and 21.9 
A. The phases for reflections 7 and 8 were found as given in 
Table I and the following final mean positions were obtained: 
xo = 17.4 A for C-2(1) and xo = 21.1 A for C-2(2). Thus 
also in this case the phases of the structure factors were de- 

I I I I I I 

I I I I I , I 
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FIGURE 3: Neutron scattering length density profiles calculated from 
10 structure factors of (a) DPPE deuterated at  the C-2 position, (b) 
of the undeuterated sample, and (c) the difference of these profiles. 

termined by using the water layer and the label as isomorphous 
replacement sites. Figure 3 shows in (a) the profile of the C-2 
deuterated sample together with the undeuterated DPPE in 
(b) for the first 10 orders. The difference between these 
profiles is seen in (c). Two partly overlapping peaks clearly 
arise over the noise. 

Discussion 
A more detailed comparison of our results with the crystal 

structure of DLPE (Hitchcock et al., 1974; Elder et al., 1977) 
can now be given. If four additional CH2 groups are added 
to each chain in this structure, an expanded unit cell for DPPE 
(a = 47.7 A for DLPE) is found, which is in agreement with 
the lamellar spacing of 55.8 A obtained from the present 
neutron data of DPPE. This shows the overall similarity of 
the structures and gives an indication that the chains in the 
bilayer are in an extended all-trans conformation. This 
modified crystal structure was used as a model together with 
the atomic coordinates and their temperature factors as given 
by Elder et al. (1977) to calculate the first 12 structure factors 
for the neutron profile given in Figure 4a. Then from a 
space-filling model, the coordinates of the atoms in the 
phosphoethanolamine group were determined when it was 
oriented perpendicular to the membrane surface. The cor- 
responding neutron profile is given by curve b in Figure 4. 
Thus as can be seen, no measurable differences can be obtained 
by neutron diffraction from undeuterated samples between 
these two conformations. Now, in the C, position, the CH2 
group was replaced by a CD2 group, and the profiles were 
calculated to the same resolution, in Figure 4c with the 
phosphoethanolamine group as in the crystal and in Figure 
4d with this group perpendicular to the bilayer surface. A big 
difference between the two conformations calculated is ob- 
served. 

These profiles are now compared with the experimental 
results. By using the structure factors from the C,-labeled 
DPPE and from the undeuterated sample, corresponding 
profiles are plotted in Figure 5a and b; the difference of these 
profiles is shown in Figure 5c. Parts d and e of Figure 5 are 
the differences of the profiles (c) minus (a) and (d) minus (b) 
of Figure 4, respectively. These profiles show that the con- 
formation of the head group found in the crystal of DLPE is 
approximately preserved in the gel-phase structure of DPPE. 
The small difference between the peak positions in curves c 
and d of Figure 5 may indicate that in this phase the dipole 
is oriented by a small angle out of the plane of the bilayer 
surface. This conformation is probably the result of a network 
of hydrogen bonds as seen in the crystal structure and elec- 



6174 B I O C  H E M  I S  T R Y  B U L D T  A N D  S E E L I G  
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i 
FIGURE 4: The DLPE molecule as found in the crystal structure is lengthened by four methylene segments in each chain to obtain a model 
structure for DPPE. When the coordinates and temperature factors as given by Elder et al. (1977) are used, the neutron scattering length 
density profiles corresponding to the first 12 structure factors are plotted in (a) for undeuterated DPPE and in (c) for DPPE deuterated at  
the C ,  position. Then from a space-filling model, the coordinates of the same structure but with the phosphoethanolamine group perpendicular 
to the membrane surface were derived. The corresponding profiles up to the same resolution are given in (b) for the undeuterated and in (d) 
for the structure deuterated at  the C ,  segment. 

~~ 

- 30 -20 -10 0 10 20 30 

A 
0 

FIGURE 5:  Neutron scattering length density profiles determined from 12 structure factors of (a) DPPE deuterated at  the C, position and 
(b) the undeuterated sample, and (c) is the difference of these profiles. The curves in (d) and (e) correspond to the differences of the calculated 
profiles in Figure 4. In (d) [which is (c) minus (a) of Figure 41, the phosphoethanolamine group is oriented as in the crystal almost parallel 
to the bilayer surface, and, in (e) [which is (d) minus (b) of Figure 41, the dipoles are perpendicular to the bilayer surface. 

trostatic interactions between charges of neighboring lipid-head 1979). No measurable change in the mean orientation of the 
groups in the plane of the membrane, but this conformation dipoles was found, although the water layer increases by 6.5 
may also be affected by interactions with head groups of the A in thickness. 
next layer. In the similar case of DPPC, this point has been The C-2 results, as seen in Figure 3, suggest that the 
investigated to some extent by increasing the water content longitudinal displacement of the fatty acid chains in phos- 
between the layers from 6 wt % to 25 wt % (Buldt et al., 1978, pholipids as first observed for the crystals of DLPE may be 
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a general conformation also for the other phospholipids. Its 
existence has now been directly proved by neutron diffraction 
for the gel state of DPPE and DPPC and more indirectly 
shown by *H NMR for the liquid-crystalline state for DPPC, 
DPPE, POPC ( 1 -palmitoyl-2-oleoyl-sn-glycero-3-phospho- 
choline), and DPPS (1,2-dipalmitoyl-sn-glycero-3-phospho- 
serine) in model membrane systems (Seelig & Browning, 
1978) and for the elaidate-enriched membranes of Escherichia 
coli (Gally et al., 1979). 

In the *H NMR experiment, a difference between the 
quadrupolar splitting of the C-2 segments in the chains is seen 
which is interpreted as the consequence of the sharp-bend 
conformation at the beginning of the sn-2 chain whereas the 
sn-1 chain continues more in the direction given by the glycerol 
backbone. This finally results in the axially displacement 
between the chains. These findings further indicate that the 
conformations of the glycerol backbone and the glycerol-fatty 
acid ester bonds are very similar, as in the crystal. The other 
general feature is that the zwitterionic dipoles in the head 
group have a mean orientation almost 'parallel to the bilayer 
surface as also indicated by dielectric measurements (Shepherd 
& Buldt, 1978). 
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