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X-ray diffraction studies have been performed, as a function of water content, on dipalmitoyl phosphatidyl- 
glycerol bilayers, both in the charged state at pH 8.0 and in the protonated state at p H I  .5, using buffers of 1.5 M 
salt concentration. Measurements were made at 20°C, and the high-angle reflections indicated that the bilayers 
were in the ordered phase at both pH values. LameUar diffractions were observed under all conditions studied. 
The lamellar repeat reached a limiting value of 62.4 A (6.24 nm) at a water/lipid ratio of 0.24 at pH 8.0, and a 
limiting value of 67.3 A (6.73 nm) at a water/lipid ratio of 0.22 at pH 1.5. The area per lipid molecule in the plane 
of the bilayer, deduced from the bilayer thickness and the lipid partial specific volume, is 48.8, 2 (0.48 nm 2) at 
pH 8.0 and 37 A 2 (0.37 nm 2) at pH 1.5. The area per molecule in the plane perpendicular to the chain axes, 
deduced from the X-ray short spacings, is 40.5 )k z (0.405 nm 2) at pH 8.0 and 39.2 A 2 (0.392 nm 2) at pH 1.5. 
Thus the lipid molecules are tilted by approx. 30 ° relative to the bilayer normal at pH 8.0, but are essentially 
untilted at pH 1.5. 

Introduction 

Phosphatidylglycerol is a negatively-charged phos- 
pholipid found at high concentrations in the plasma 
membranes of microorganisms, in the chloroplast 
membranes of plants and to a lesser extent in mam- 
mallian systems, notably in the lung surfactant [1,2]. 
Negatively-charged phospholipids are of particular 
interest from the point of view of a possible func- 
tional role of phospholipids in membranes, since both 
their phase transition behaviour [3-6]  and bilayer 
structure [4,7] are responsive to changes in the ionic 
environment. This provides a potential membrane 
trigger mechanism initiated by changes in the surface 
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pH or concentration of monovalent and divalent ions 
[3,8]. 

In a previous study [5] we used spin labels to 
determine the pH-induced titration of the ordered- 
fluid phase transition in dipalmitoyl (DPPG) and 
dimyristoyl (DMPG) phosphatidylglycerol bilayers. 
As the phosphate group becomes protonated, on 
decreasing the pH from the fully charged state at pH 
8.0, the transition temperature increases by 18 ° for 
DMPG, and by 15 ° for DPPG, on going down to pH 
1.5. Similar results have subsequently been obtained 
by differential scanning calorimetry [6,18]. 

Perhaps more interesting was the finding that pH 
can affect the state of the bilayer both in the ordered 
and the fluid phase, above and below the bilayer 
transition [5]. This provides a possible isothermal 
triggering mechanism which does not require the 
mediation of an ordered-fluid phase transition. In 
fluid bilayers, above the main transition temperature, 
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the fluidity was found to be greater when the phos- 
phatidylglycerol molecules were in the charged state 
than when they were in the protonated state at pH 
1.5. In the ordered phase the bilayers in the charged 
state were found to display bilayer structures in 
freeze-fracture electron microscopy similar to those 
observed for phosphatidylcholines, viz. a defect pat- 
tern and a rippled pattern for bilayers quenched from 
below and above the pretransition, respectively. On 
the other hand, the bilayers in the protonated state 
at pH 1.5 gave rise to exclusively smooth fracture 
faces, independent of the temperature from which 
the bilayers were quenched. This lead to the sugges- 
tion that the lipid molecules were tilted relative to 
the bilayer normal in the charged state, but were not 
tilted in the protonated state. Subsequently we have 
shown that this structural difference between the 
charged and protonated bilayers in the ordered phase 
is also accompanied by a change in the molecular 
mobility [9]. Using saturation transfer ESR we were 
able to demonstrate the occurrence of a rapid rotation 
about the long axes of the lipid molecules in the 
ordered phase of the charged bilayers, whereas the 
long axis rotation was much slower and was com- 
pletely non-cooperative in the ordered phase of the 
protonated bilayers. 

In the present study we investigate the structural 
effects of pH titration on ordered DPPG bilayers in 
more detail. Using X-ray diffraction it is shown that 
the lipid molecules are tilted with an angle of 30 ° 
relative to the bilayer normal in the charged state, 
whereas in the protonated state at pH 1.5 the tilt 
angle is less than 5 ° . These results verify our original 
prediction regarding the molecular tilt and demon- 
strate that the bilayer can be switched from a tilted 
to a non-tilted structure, solely by manipulation of 
the external pH. 

A bilayer structure with interdigitated lipid chains 
has recently been suggested on the basis of X-ray dif- 
fraction measurements on ordered-phase DPPG 
bilayers in the charged state [10]. We find no evi- 
dence for such a structure in our bilayer preparations. 
Our results are consistent with a conventional bilayer 
structure of two apposed, non-interdigitated mono- 
layers. The reduction in bilayer thickness relative to 
that expected for two monolayers with aU-trans 
chains can be accounted for completely by the molec- 
ular tilt. 

Materials and Methods 

Dipalmitoyl L-a-phosphatidylglycerol (DPPG) was 
synthesized by phospholipase D-mediated headgroup 
exchange from dipalmitoyl L-a-phosp,hatidylcholine 
(Fluka, Buchs) in the presence of excess glycerol, as 
previously described [5]. The purity of this prepara- 
tion has been characterized previously [5,16]. Sample 
purity was rechecked after the X-ray measurements, 
using thin layer chromatography with the solvent sys- 
tem CHC13/CH3OH/25% NI-LOH (65 : 15 : 1, v/v) 
[5]. The buffers used were 1.0 and 1.5 M KC1/HC1 
at pH 1.5 and 1.5 M KC1/50 mM Tris at pH 8.0. Lipid 
dispersions at pH 1.5 were prepared using the acid 
form of DPPG, and dispersions at pH 8.0 were pre- 
pared with the salt form. A high salt concentration 
was used in the buffers to ensure that the X-ray long 
spacing reached a limiting value. In low salt, nega- 
tively-charged phospholipid bilayers tend to swell 
indefinitely on hydration [7]. 

X-ray diffraction measurements were performed 
using a Guinier camera (operating under vacuum) 
with a bent quartz crystal monochromator (R. Huber, 
Rimsting. F.R.G.). The monochromator was set to 
isolate the CuKcq line (X = 1540.5nm). Further 
details of the experimental set-up have been reported 
elsewhere [11]. For the measurements with excess 
water, the lipid samples were prepared by adding 
50 pl of buffer to approx. 5 mg of dry lipid. The 
samples were then sealed with teflon between mica 
plates and equilibrated above the transition tempera- 
ture for a least 10 min. For the water-uptake mea- 
surements, the desired amounts of lipid and buffer 
were weighed into small polythene tubes. After seal- 
ing the tubes the lipid was mixed with the water by 
repeated contrifugation and heating above the transi- 
tion temperature. In some cases the mixing could be 
facilitated by inserting a glass bead into the polythene 
tube. The lameUar reflections of the lipid were then 
measured while the lipid was still in the polythene 
tube. (The use of the polythene tubes for the water- 
uptake measurements had the advantage that the lipid 
samples did not have to be transferred to the usual 
sample holders after the lipid had been mixed with 
the buffer. The lipid/water ratio could therefore not 
change during the sample preparation. As polythene 
does not show reflections in the small angle region, its 
presence does not disturb the detection of the lamel- 
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lar repeat distances of the lipid. Polythene does, 
however, give rise to strong wide angle reflections and 
therefore these lipid reflections could not be studied 
with polythene tubes.) The exposure times of the 
photographic fdms (Kodak, 'Kodirex, une face') 
varied between 15 rain and 2 h. The density of  the 
reflections was scanned with a Joyce-Loebl micro- 
densitometer type 3 CS. 

Density measurements at room temperature were 
made using a 5 ml pyknometer. A dispersion of DPPG 
was made at a concentration of 100 mg/ml by shak- 
ing dry lipid with the required buffer at a tempera- 
ture above the main transition. Small amounts of 1 N 
HC1 were required to adjust the pH of the acid disper- 
sion. The pyknometer was weighed on a Sartorius 
balance to within -+0.01 mg immediately after filling. 

Resu l t s  

The X-ray diffraction patterns from fully hydrated 
DPPG bflayers at 20°C and at both pH 8.0 and pH 1.5 
are given in Fig. 1. The low-angle reflections indicate 
a lamellar structure at both pH values. At pH 1.5 the 
lamellar repeat did not change with temperature, but 
at pH 8.0 the lamellar spacing increased with increas- 
ing temperature from 59.7 A (5.97 nm) at 3°C, 62.4 
A (6.24 nm) at 20°C, to 64.1 3, (6.41 nm) at 38°C. 

The high-angle reflections are indicative of  the 
lateral chain packing within the bilayer. At pH 1.5 
there is a single sharp reflection at 4.12 A, character- 
istic of hexagonal packing of the lipid chains in the 
plane perpendicular to the chain axes. Even at low 
temperature a splitting of the wide-angle line could 
not be seen at pH 1.5. At pH 8.0 a sharp reflection at 
4.21 A with a broad shoulder at approx. 4.13 A is 
observed in the high-angle region. The lateral packing 
at pH 8.0 thus corresponds to a distorted hexagon in 
the plane perpendicular to the chain axes. (The actual 
lattice type has been described in Ref. 11) The line- 
splitting becomes more pronounced, as does also the 
hexagonal distortion, at lower temperature. At 3°C, 
for example, the sharp line is at 4.28 A and the dif- 
fuse line at 4.05 A. With increasing temperature these 
two lines come closer together: at 38°C the sharp line 
is observed at 4.25 A and the diffuse line at ca. 4.20 A. 
The chain-chain separations and the cross-sectional 
area occupied by the lipid chains can be calculated 
from these short spacings. The area per chain is given 

>~ 
d 

A 
50 10 

a 

DPPG 1 

513 Avi pH 15 

/ 

52 z. AI~/I 1 pH 8 
/ 7 I- 2o'c 

13 

2 4 6 g 10 
28 

A 
5 45 z, 375 

~12 A 

pH 15 

2o'c / ~  
/ 

=, 

~< 20"C 

b 

28 

Fig. 1. Densitometer traces of powder X-ray diffraction 
intensities from fuUy-hydrated DPPG multibilayers at pH 8.0 
(1.5 M KCI/50 mM Tns) and pH 1.5 (1.5 M KC1/HCI), at 
20°C. (a) Low-angle, and (b) high-angle reflection regions, 
respectively. The diffraction intensity is plotted against the 
diffraction angle 20 and the corresponding Bragg spacings. 

by: 

r e = s 1  "s2/x/1 - ( s 2 1 2 s l )  ~ (1) 

where s2 is the short spacing corresponding to the dif- 
fraction peak which has twice the intensity of that 
corresponding to st [12]. The values for [o are given 
in Table I, from which it can be seen that the chains 
are more closely packed at pH 1.5 than they are at 
pH 8.0. 

The dependence of the long spacing, derived from 
the low-angle reflections, on water content is given in 
Fig. 2. It is seen that the bflayers reach their limiting 
hydration at much the same water content at both 

TABLE I 

X-RAY DIFFRACTION PARAMETERS OF DIPALMITOYL 
PHOSPHATIDYLGLYCEROL BILAYERS IN EXCESS WA- 
TER AT pH 8.0 AND pH 1.5, T= 20°C 

s f0 d (1 - c)/c * d 1 
(A) (A 2) (A) (A) 

pH 8.0 4.22, 4.13 20.3 62.4 0.24 51.1 
pH 1.5 4.12 19.6 67.3 0.22 53.3 

• Value at limiting hydration. 
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Fig. 2. X-ray long spacings at 20°C as a function of water/ 
lipid weight ratio, ( 1 -  c)/c. Derived from the low-angle 
diffraction of DPPG multibilayers at pH 8.0, 1.5 M KC1/50 
mM Tris (o o) and pH 1.5, 1.5 M KC1/HC1 (~ ~). 

pH values: at a water/lipid ratio of 0.24 at pH 8.0 and 
0.22 at pH 1.5 (Table I). The long spacing at limiting 
hydration is considerably greater, however at pH 1.5 
that at pH 8.0. This suggests a smaller tilt of the lipid 
molecules relative to the bilayer normal at pH 1.5 
than at pH 8.0. The measured long spacing, or lamel- 
lar repeat, can be divided into an interlamellar water 
layer of partial specific volume 5w and the lipid 
bilayer of thickness di and partial specific volume, 0 - 1  : 

d = dl [1 + (Ow/~l)(1 - c/c)lim] (2) 

where c is the weight fraction of lipid at limiting hy- 

TABLE II 

MOLECULAR AREAS AND TILT ANGLES IN DIPALMI- 
TOYL PHOSPHATIDYLGLYCEROL BILAYERS IN EX- 
CESS WATER, AT pH 8.0 AND pH 1.5, T = 20°C 

~-~ F o F o 
(ml/g) * (A 2) (A 2) 

pH 8.0 1.01 40.5 48 32 ° 
pH 1.5 0.82 39.2 37 0 ° 

• Lipid partial specific volume determined by pyknometry. 

dration. The values of the lipid partial specific volume 
measured by pyknometry are given in Table II. These 
were calculated from the density measurements using 
the following expression: 

~l = (1 --(Pd --Ob)/C1)/Pb (3) 

where Pd, Pb are the densities of the lipid dispersion 
and the buffer respectively, and cl is the lipid concen- 
tration in gm/ml. The values for the density of the 
buffer Pb = 1/~w, were measured to be 1.044 g" mt -t 
and 1.068 g • m1-1 for the pH 1.5 and pH 8.0 buffers 
at 20°C, respectively. The values for db the thickness 
of the lipid bilayer, calculated from Eqn. 2 are given 
in Table I. 

The area per lipid molecule in the plane of the 
bilayer can be calculated from the bilayer thickness, 
dl: 

F =2Ml~l (4) 
N" dl 

where M1 is the lipid molecular weight and N is Avo- 
gadro's number. These values of F are given in Table 
II, where they are compared with the area/molecule, 
Fo --- 2/'0, measured in the plane perpendicular to the 
lipid chain axes. The difference between the two is a 
measure of the angle of tilt, 0, of the lipid molecules 
relative to the bilayer normal: 

F = F0/cos 0 (5) 

The values for the tilt angle are given in Table II from 
which it can be seen that the DPPG bilayers have a 
pronounced tilt, 32 °, at pH 8.0, but no tilt at pH 1.5. 
In fact, the area/molecule at pH 1.5 deduced from 
the bilayer thickness and partial specific volume, is 
less than that obtained from the cross-sectional area 
of the lipid chains. This indicates a high-density 
molecular packing in the headgroup region also, of 
the bilayers at pH 1.5, and certainly no indication of 
a chain tilt. Ranck et al. [10] estimated a value of 
b-1 = 0.895 ml/g for ordered phase DPPG, based on 
component molecular volumes. Although this corre- 
sponds to less dense molecular packing than our 
measurements at pH 1.5, it nonetheless would give 
rise to a molecular area of only 39.5 A 2, deduced 
from the X-ray long spacings. 



Discussion 

The high-angle reflections in Fig. 1 a show a clear 
difference in the lipid chain packing between DPPG 
bilayers at pH 8.0 and pH 1.5, when both are in the 
ordered phase at 20°C. This parallels the difference in 
surface structure observed previously by freeze-frac- 
ture electron microscopy [5], for samples quenched 
from temperatures within the ordered phase. The 
high-angle reflections and symmetry of the chain 
packing of DPPG at pH 8.0 are very similar to those 
observed for dipalmitoyl phosphatidylcholine under 
similar conditions [12], as is the temperature depen- 
dence. This further strengthens the homology found 
previously [5] between phosphatidylcholines and 
phosphatidylglycerols in the charged state. 

The molecular areas measured from the short 
spacings can be used to estimate the difference in 
chain-chain interaction energies, arising from the 
closer packing in the bilayers at pH 1.5. Using the 
model with which Salem [13] successfully estimated 
the heat of sublimation of crystalline hydrocarbons 
(see also Refs. 14 and 15), the attractive interchain 
dispersive energy is given by: 

Wdisp = --1.24 • 103/D s (kcal/mol per CH2) (6) 

where D is the separation of the two chains (in A), 
and the chain-chain repulsive interaction is approxi- 
mated by the empirical expression based on experi- 
mental molecular potentials: 

WH.H = +33.2/d6.1 s (kcal/mol per CH2) (7) 

where d is the distance (A) between the centres of the 
two interacting hydrogen atoms. The net difference 
in intermolecular interaction energy between the two 
different charge states, per CH2 group, per chain pair, 
is then given by: 

t~Hint = ~ Wdisp + ~ WH. H (8) 

where 8 signifies the difference between the values at 
pH 8.0 and pH 1.5. For the 15-CH2 groups per chain, 
and using the values for the chain areas in Table I, it 
is found that ~nin t ~ - 2 . 2  kcal/mol, corresponding 
to a weaker attractive chain-chain interaction in the 
bilayers at pH 8.0 than at pH 1.5. 
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This can be contrasted with the bilayer electro- 
static repulsive energy in the fully charged state at pH 
8.0. Within the framework of Gouy-Chapman electro- 
static double layer theory, the electrostatic surface 
energy (see Ref. 4) is given by: 

Ge~ = 2RT[si~-'(o/C) -1~(,:r/c). { ~  + 1 - 1}1 

(9) 
where o is the surface charge density and c= 
~ ,  where e is the dielectric constant within 
the double layer, and n = cr,~/10 a is the ionic strength 
of the assumed 1 : 1 electrolyte. For F =  48 A s 
(Table II), CM =1.5M, e =80 and T =293 K, the 
net electrostatic surface free energy for fully charged 
phosphatidylglycerol headgroups becomes Gel = 1.1 
kcal/mol. Thus it appears that the total electrostatic 
surface energy at pH 8.0 is of the same order of mag- 
nitude or less than, the net decrease in dispersive 
chain interactions between pH 1.5 and pH 8.0. Hence 
the lateral expansion of the pH 8.0 bilayers relative to 
the pH 1.5 bilayers cannot be accounted for simply in 
terms of an electrostatic repulsive surface pressure, 
but must include contributions from other headgroup 
interactions. 

The results of Table II clearly indicate that the 
lipid molecules are tilted relative to the bilayer nor- 
real in the bilayers at pH 8.0, but not in the bilayers 
at pH 1.5, at 20°C in the gel phase. Additional evi- 
dence for the tilt comes from the relative widths of 
the high-angle reflections. At pH8.0 the 4.13 )k 
reflection is much broader than the 4.12 A reflection 
at pH 1.5, because the tilt reduces the number of 
coherently scattering chain planes [12,17,7]. This 
difference in tilt between bilayers at pH 8.0 and pH 
1.5 confirms our previous prediction [5] made on 
the basis of surface morphology in the freeze-fracture 
electron microscopy of samples quenched from 
within the gel phase. The molecular tilt at pH 8.0 is 
again consistent with the homology between phos- 
phatidylcholines (which also have a tilt in the gel 
phase [12]) and phosphatidylglycerols in the charged 
state. The phosphatidylglycerol tilt could possibly 
arise from the repulsive electrostatic surface pressure 
between the headgroups. As pointed out by JLhnig 
et al. [7], this is a way of decreasing the surface elec. 
trostatic repulsive energy (by increasing the area per 
headgroup), without increasing the chain-chain spac- 
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ing. The calculations from Eqns. 6 - 9  above indicate 
that the repulsive electrostatic energy can be appreci- 
able, but  the distance dependence of  the chain-chain 
interactions is so strong that the electrostatic repul- 
sion cannot be appreciably alleviated by direct chain- 
chain expansion below Tt. Chain tilt on the other 
hand, can cost relatively little in chain-chain interac- 
tion energy provided that end effects are small or are 
compensated across the two halves of  the bilayer. 

It has also been suggested by J/ihnig et al. [7] that 
a difference in tilt between protonated and unproton- 
ated bilayers in the gel phase could contribute to the 
shift in phase transition temperature on titration. The 
shift arises from end effects: the Van der Waals inter- 
actions between the chain ends are less weU opti- 
mized in tilted structures, possibly giving rise to a 
preferential fluidization of  the chain ends. The maxi. 
mum value for the mismatch between chain ends is: 
df ~" s I - tan 0; although the mismatch could be con- 
siderably less, as a result of  overlap between the two 
halves of  the bilayer. This gives a maximum mismatch 
of  2.0 CH: groups at pH8 .0  and zero at pH 1.5. 
Using a value of  dTt/dCH2 = 9°C [14],  gives a maxi- 
mum contribution to the titration shift of  the transi- 
tion temperature of  AT[t lIt = 18°C. This is to be com- 
pared with the experimentally measured shift of  
AT[nt ax = 15°C at 0.1 M ionic strength [5]. Clearly the 
tilt effect could possibly make a sizeable contribution 
to the total shift. It has recently been shown that the 
electrostatic contribution to the shift is A ~  l = 5°C at 
0.1 M ionic strength [19]. This leaves a non-electro- 
static contribution of  AT~t °n-el = 10°C, at least part 
of  which could be accounted for by the tilt contri- 
bution. 

Finally it should be noted that the present results 
are completely consistent with a conventional bilayer 
structure consisting of  two apposed monolayers. 
There is no evidence for a structure involving inter- 
digitated chains as suggested by Ranck et al. [10]. In 
the present study, unlike that of Ref. 10, the first 
order lamellar reflection was always greater than 55 
)k, even at low water content. The reduction in 

bilayer thickness at pH 8.0 can be satisfactorily 
accounted for in terms of  the chain tilt, independent 
evidence for which comes from the high angle reflec- 
tions. 
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