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The structure of the digalactosyldiacylglyceroi bilayer is calculated using neutron diffraction data. The polar 
head group of this lipid is oriented parallel to the plane of the bilayer such that the galactose moieties are 
tightly packed at the bilayer surface into a 0.8 nm thick polar layer. The thickness of this layer is 
independent of water activity over a wide range (15-100% relative humidity). The constant thickness of both 
the galactose layer and the hydrocarbon layer constrain the structure factor amplitudes to lie on a single 
continuous transform for repeat periods between 4 and 5 nm. 

Introduction 

Lipid-bound sugar residues are involved in a 
wide variety of biological membrane functions 
such as receptor modulation [1], cell-cell recogni- 
tion [2], viral infection [3], and toxin binding [4]. 
To understand the molecular basis of sugar-inter- 
actions with membrane surfaces, it is useful to 
study model membranes formed from purified 
glycolipids. In particular, physical studies of gly- 
colipid bilayers have given insight into such com- 
plicated phenomena as myelin stability [5], 
erythrocyte mobility in an electric field [6,7], and 
membrane adhesion [8]. 

In glycolipid bilayers, the balance between hy- 
drogen-bonding of sugars to water and to the 
bilayer surface has a profound influence on the 
structure of the membrane. Examples of 'dry' and 
'wet' glycolipid head groups can be found among 
the glycosphingolipids. Cerebroside bilayers can 
be classified as 'dry' because they bind only 4 or 5 
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molecules of water per saccharide group [9]. In 
cerebroside bilayers, water can be excluded from 
the membrane surface by inter-saccharide hydro- 
gen bonds between polar head groups. Hydrogen- 
bonding of the sugar in the head group to the 
amide moiety of the sphingosine backbone favors 
a parallel orientation of the head group with re- 
spect to the plane of the bilayer [10]. In contrast, 
bilayers containing charged gangliosides have the 
head groups of the glycolipid oriented perpendicu- 
lar to the plane of the bilayer [11]. The extended 
head groups of gangliosides exert a hydrodynamic 
drag on water flow near the membrane surface 
[6,7,12]. When the charges are removed from 
gangliosides incorporated into bilayers, the glyco- 
lipids duster in the plane of the bilayer [13], 
presumably by excluding some of their bound 
water and hydrogen bonding to each other. 

In addition to the sphingoglycolipids (cerebro- 
sides and gangliosides), the glyceroglycolipids can 
be used to form bilayer membranes. Glucosyldia- 
cylglycerols are found in the membrane of 
Acholeplasma laidlawii. Nuclear magnetic reso- 
nance studies suggest that the head groups of 
diglucosyldiacylglycerol are oriented parallel to 
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the plane of the lipid bilayer [14] and have low 
levels of hydration (less than four water molecules 
bound per saccharide group). Galactosyldiacyl- 
glycerols are major components of chloroplast 
thylakoid membranes [15]. Digalactosyldiacyl- 
glycerol is thought to play a role in maintenance 
of the lamellar structure of thylakoid membranes 
because it forms liquid crystalline, stacked bilayer 
arrays over a wide range of hydration and temper- 
ature [16]. The hydration of digalactosyldiacyl- 
glycerol bilayers has been studied by force mea- 
surements [8] and by X-ray diffraction [16,17], 
although the structure factors were not calculated. 

In this report, the structure factors for di- 
galactosyldiacylglycerol bilayers are estimated 
from neutron diffraction data. Neutron density 
profiles and HzO/2H20 exchange are used to 
calculate the polar layer thickness and head group 
orientation. 

Materials and Methods 

Digalactosyldiacylglycerol was obtained from 
Lipid Products (Surrey, U.K.) and purified by 
chromatography on DEAE-Sephadex A-25 
(Pharmacia, Uppsala, Sweden) in re-distilled 
methanol (Aldrich HPLC grade, Milwaukee, WI, 
U.S.A.) to adsorb negatively charged impurities. 
After purification, digalactosyldiacylglycerol 
showed a single spot on thin-layer chromatograms 
(Silica gel G, benzene/acetone/water (91 : 30 : 8, 
by vol.) or chloroform/methanol/water (65 : 25 : 
4, by vol.) and had zero electrophoretic mobility 
as multilamellar vesicles in 0.1 M NaC1 buffered 
to pH 7.5 with 1 mM Mops at 25 ° C. 

Digalactosyldiacylglycerol was also prepared 
from the seeds of Briza humilis (gift of C.R. 
Smith, ARS, USDA, Peoria, IL), using the proce- 
dure of Smith and Wolff [18]. Digalactosyldia- 
cylglycerol from Briza was purified by prepara- 
tive thin-layer chromatography (Silica gel GF, 2 
mm thick, in benzene/acetone/water (91 : 30 : 8, 
by vol.)) followed by DEAE Sephadex A-25 chro- 
matography as described above. 

Neutron diffraction experiments were per- 
formed at the High Flux Beam Reactor H-3 crystal 
station [19] of Brookhaven National Laboratories 
(Upton, NY). 10-20 mg of lipid, dissolved in 
chloroform or benzene/acetone (10:1, v/v), was 
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dried under a stream of nitrogen onto acid cleaned 
1 mm thick quartz microscope slides. A razor 
blade was used to trim the edges of the dried lipid 
film to final dimensions of 40 × 15 mm. After 12 h 
equilibration with the atmosphere above a 
saturated aqueous KC1 solution at 11°C, the 
quartz slide was mounted in a sealed aluminum 
chamber containing a vial of saturated salt solu- 
tion at 21.3°C. 

The incident neutron beam was 4 mm in diam- 
eter and intersected the 40 mm long lipid film as 
an ellipse. As the quartz slide was rotated over a 
10 ° angle (increments of 0.1 °) from the beam 
axis, the major axis of this ellipse varied as the sin 
of the rotation angle, leading to a geometrical 
correction of s = (h /d)  for the diffracted intensi- 
ties. Another factor of s arose from the Lorentz 
correction [20] so that the measured intensities 
were corrected by multiplying them by s 2= 
(h /d )  2. Entire elliptical reflections were collected 
on a two-dimensional position-sensitive gas flow 
detector. The integration and background subtrac- 
tion procedures have been described previously in 
detail [19]. 

Results 

4 or 5 orders (1 < h < 5) of lamellar diffraction 
were observed at 21°C when the relative humidity 
(rh) was varied from 15 to 98% by the use of 
saturated salt solutions. The repeat period (d), 
varied from 4.1 to 5.1 nm. To construct neutron 
density profiles of the digalaCtosyldiacylglycerol 
bilayer, it was necessary to collect phased higher 
order structure factors. The observed structure 
factor amplitudes varied smoothly with the re- 
ciprocal spacing s = h/d,  as illustrated by the 
points in Fig. 1. Phases were assigned to the three 
regions of the smooth curve by using swelling 
theory [21]. In regions I, II, and III of Fig. 1, the 
assigned phases are - ,  +,  - ,  respectively. This 
phase assignment is consistent with results from 
2H20/H20 exchange [22] at d =  4.13, 4.45, and 
4.95 nm. The agreement between the phases from 
swelling theory and the phases from 2H20 ex- 
change can be seen in Fig. 2, where the phased 
structure factors were used to generate neutron 
density profiles at various 2H20 contents. In these 
profiles, the peaks represent the high density polar 
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Fig. 1. Structure amplitudes for a series of swelling experi- 
ments on oriented digalactosyldiacylglycerol multilayers in 
100% H20. The abscissa is the reciprocal space coordinate 
s = h / d ,  where h is the order of reflection and d is the repeat 
period. The repeat period was varied by changing the activity 
of water in the gas phase over oriented multilayers. The 
activity of water (relative humidity, rh) was buffered with 
saturated aqueous solutions of K2SO 4 (98% rh), KC1 (86% rh), 
NaCI (76% rh), NaNO 2 (66% rh), and LiCI (15% rh) at 

21.3°C. 

region (galactose-galactose-glycerol)  of  the di- 
ga lac tosy ld iacy lg lycero l  molecule  and  the centra l  
m i n i m u m  be tween  the po la r  head  group peaks  is 
the water  layer. The  low dens i ty  region in the 
cen te r  of  the b i layer  (at  the edge of  each profi le)  is 
the  h y d r o c a r b o n  chain  region.  W a t e r  and  2 H 2 0  
canno t  ma in ta in  a high concen t ra t ion  in the hy- 
d r o c a r b o n  region of the membrane ,  so the su- 
pe r impos i t i on  of the  profi les  in Fig. 2 over  a 2.6 
n m  wide region def ines  an  es t imate  for the hydro-  
ca rbon  thickness.  Since str ip mode l  ca lcula t ions  
are  cons is ten t  wi th  this es t imate  over  the ent i re  
range  of  d-spacings  of  Figs.  1 -3 ,  2.6 n m  was 
assumed  to be  the cons tan t  h y d r o c a r b o n  thick- 
ness. A more  d i rec t  me thod  for h y d r o c a r b o n  
thickness  measuremen t  would  involve specific 
deu te ra t ion  of  the in terfacia l  ca rbons  on  each acyl  
chain,  bu t  this might  pe r tu rb  the  s t ructure  of  the 
interface.  

Figs. 3 and  4 show that  the thickness of  the 
d iga lac tosy ld iacy lg lycero l  b i layer  is i ndependen t  
of  wate r  content .  In  Fig. 3, the separa t ion  of  the 
two po la r  head  groups  across the h y d r o c a r b o n  
region remains  cons tan t  at  3.3 n m  for 5.1 < d < 4.5 
n m  while the  change  in wate r  spacing accounts  for 
the  ent ire  change  in repea t  per iod.  In  Fig.  4, 
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Fig. 2. Neutron density profiles for digalactosyldiacylglycerol 
commercially extracted from chloroplasts (see Methods). Reso- 
lution = 1 nm, d = 4.9 nm. The 2H20 concentration was varied 
from 0% (A) to 15% (B) to 33% (C) by gas phase equilibration 
with saturated K2SO 4 (98% rh) in the given volume percentage 
of 2H 20. The profiles superimpose over a hydrocarbon region 

that is 2.6 nm wide. 
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Fig. 3. Neutron density profiles for digalactosyldiacylglycerol 
derived from chloroplasts, at 1 nm resolution. The distance 
from the center of the hydrocarbon region (at 0 nm) to the 
peak density is 1.65 nm. Thus, the peak to peak bilayer width 
is 3.3 nm. The activity of water was buffered with saturated 
aqueous solutions of K2SO 4 (A), KCI (B), NaC1 (C), NaNO 2 

(D), and LiCI (E), at 21.3° C. 
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Fig. 4. Neutron density profiles for digalactosyldiacylglycerol 
derived from seeds (see Methods). 100% HzO; resolution = 1.3 
nm. The peak to peak bilayer width is 3.6 nm. The activity of 
water was buffered with saturated aqueous solutions of K2SO 4 

(A), KCI (B), NaCl (C), and NaNO 2 (D), at 21.3 ° C. 

similar results are shown for the digalactosyldia- 
cylglycerol of Briza humilis seeds. The bilayer is 
slightly thicker (3.6 nm, peak to peak separation) 
in Fig. 4 than in Fig. 3, presumably because the 
degree of saturation of the fatty acid chains is 
higher in the seed lipid than in the chloroplast 
lipid [18,231. 

The thickness of the digalactosyldiacylglycerol 
bilayer (hydrocarbon region plus polar head group) 
can be defined in several ways. First, the repeat 
period at low water content approximates the 
thickness of a single bilayer. At 15% rh, where the 
repeat period is 4.1 nm, 2H20/H20 exchange 
does not significantly alter the amplitudes of the 
observed structure factors. This indicates that lit- 
tle water is between the bilayers. If we assume that 
the measurement of hydrocarbon thickness at 98 
and 66% rh is valid at 15% rh, then the hydro- 
carbon region thickness (2.6 nm) plus twice the 
polar region thickness equals 4.1 nm, giving 0.8 
nm as the head group thickness. X-ray diffraction 
has also been used to measure the repeat period of 
digalactosyldiacylglycerol at low water content. 
Shipley et at. [16] measured 4.48 nm as the repeat 
period for Pelargonium chloroplast digalactosyl- 
diacylglycerol with no added water, but obtained 
no independent measure of the hydrocarbon 

thickness. Assuming a 2.6 nm thick hydrocarbon 
region in their preparation gives 0.94 nm as the 
head group thickness. From molecular models, the 
maximal extension of the terminal galactose from 
the hydrocarbon/water interface (carbonyl group) 
is about 1.8 nm, showing that the head groups of 
digalactosyldiacylglycerol are not fully extended. 

The method of Luzzati [24] examines the de- 
pendence of repeat period (d) on the weight frac- 
tion of water in the lipid/water mixture. Shipley 
et at. []6] applied this method to digalactosyldia- 
cylglycerol at weight fractions of water between 
10% and 40%. The calculated lipid thickness of 4.2 
nm was constant (within 0.1 nm) when d varied 
from 4.7 to 5.4 nm. For a 2.6 nm thick hydro- 
carbon region, this again leads to a 0.8 nm thick 
head group. 

Swelling theory and strip models [25] provide a 
more direct approach to the measurement of bi- 
layer thickness. In general, when the fluid space 
between bilayers changes and the bilayer thickness 
remains fixed, the structure factor amplitudes lie 
on a single smooth curve when plotted vs. s = 
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Fig. 5. Strip density model of the digalactosyldiacylglycerol 
bilayer shown in Figs. 2 and 3. The Fourier transform of this 
model is shown as the curve in Fig. 1. The middle of the 
hydrocarbon region is at the center of the strip model. Since 
the narrowest strip in this model represents the finest resolva- 
ble detail (1 rim), only the sum of structure factor amplitudes 
upto a resolution of 1 nm -1 was used as a scaling factor. 
Higher frequency components of the calculated transform were 

discarded and assumed to be zero. 
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(h/d) [21]. The shape of this curve is quite sensi- 
tive to the bilayer thickness, even for low resolu- 
tion diffraction data [25]. The Fourier transform 
of the smooth curve gives a real space density 
distribution for the membrane. The smooth curve 
in Fig. 1 is the Fourier transform of the real space 
density distribution shown in Fig. 5. In this model 
distribution, the digalactosylglycerol polar regions 
are represented by two strips of width 0.8 nm. The 
central hydrocarbon region (2.6 um wide) and the 
water layers (outside the polar head group strips) 
have t h e  same neutron density. The Fourier 
transform of this strip model approximates the 
continuous transform of the digalactosyldiacyl- 
glycerol membrane because the measured struc- 
ture amplitudes (points in Fig. 1) lie on the curve. 
Therefore, a 0.8 nm thick polar region is con- 
sistent with the neutron diffraction data over a 
wide range of hydrations. Fig. 6 shows that the 
shape of transforms from simple strip models is 
extremely sensitive to the headgroup orientation. 
When the headgroup strip density is distributed 
over a 1.8 nm thick layer, (fully extended uniform 
headgroup), Fig. 6B is obtained as the predicted 
continuous transform. This model of extended 
orientation is inappropriate for digalactosyldia- 
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Fig. 6. Sensitivity of the continuous transform to head group 
orientation. (A) The experimentally observed transform of Fig. 
1, with 0.8 nm thick headgroups, as in Fig. 5. (B) Transform 
for the case of fully extended headgroups: 1.8 nm thick polar 
layer. All other features of the strip-model are as in (A). Note 
that this transform must be rejected because it predicts nodes 
where experimental peaks are observed and vice versa (com- 
pare Fig. 1). Other models for intermediate headgroup orienta- 
tions are bounded by transforms A and B. 

cylglycerol because it does not match the data of 
Fig. 1. For instance, it has a prominent node near 
0.6 nm-1, just where a peak is seen in the mea- 
sured transform. 

The neutron density of the 0.8 nm wide head 
group region can be estimated from 2H20//H20 
exchange, as shown in Fig. 2. The head group 
peaks are contrast matched with the water layer 
when the 2H20 concentration is 33%, correspond- 
ing to a neutron scattering length density of 1.7 
(10 -11 c m / n m  3) [26] in both the polar and fluid 
layers. The atomic composition of the digalacto- 
syldiacylglycerol polar region (excluding water and 
acyl chains) is C17H25015 [16], corresponding to a 
neutron scattering length of 1.07 (10-11 cm). Tak- 
ing the molecular area of digalactosyldiacyl- 
glycerol as 0.75 111/12 [16], the volume available to 
each head group in the 0.8 nm thick polar layer is 
0.75 × 0.8 = 0.6 nm 3, giving a calculated neutron 
density of 1.07/0.6 = 1.78 (10 -11 cm/nm3), 
equivalent in density to 35% 2H20 , in good agree- 
ment with Fig. 2C. Exchange of 33% of the 7 
non-carbon-bonded H atoms with deuterium in 
33% 2H20 would increase the calculated neutron 
density to 2.2 (10 -11 cm/nm3), suggesting that 
little 2 H / H  exchange occurred at the COH groups 
of digalactosyldiacylglycerol. Based on contrast 
matching, the scattering length densities of the 
head groups of digalactosyldiacylglycerol and 
phosphatidylcholine are similar [26]. A caution is 
required here, especially where hydrogen-bonding 
may be involved in the stabilisation of saccharide 
orientation. That is, deuterium substitution for 
hydrogen may have an unobserved effect on con- 
trast matching experiments, because the orienta- 
tion of the contrast-matched sugar groups is not 
directly determined. 

D i s c u s s i o n  

The head group of digalactosyldiacylglycerol is 
probably oriented parallel to the plane of the 
bilayer because the thickness of the polar region 
of digalactosyldiacylglycerol is only 0.8 nm. Based 
on Corey-Pauling-Koltun molecular models, the 
anhydrous polar layer would be 1.8 nm thick if the 
head group were fully extended. From space-fill- 
ing molecular models, the volume of two galactose 
groups is about 0.56 nm 3 and only 0.6 nm 3 of 



volume is available to each digalactosyldiacyl- 
glycerol head group. Thus, the digalactosyl moie- 
ties must be tightly packed at the surface, leaving 
little room for water of hydration. Thermal mea- 
surements [17] suggest that little water is bound by 
the galactose groups of digalactosyldiacylglycerol: 
similar to diglucosyldiacylglycerol, where less than 
four water molecules are bound by each sac- 
charide group [14]. The diglycosyldiacylglycerols 
may be categorized as 'd ry '  glycolipids, similar to 
cerebrosides, and different from the charged 
gangliosides. 

Although this study has not dealt with mixtures 
of digalactosyldiacylglycerol with other lipids, 
there is circumstantial evidence that the head 
groups of glycosyldiacylglycerols are not fully ex- 
tended, even when mixed with the charged phos- 
pholipid phosphatidylglycerol. In 0.1 M NaC1 
solutions, the electrophoretic mobilities of vesicles 
formed from diglucosyldiacylglycerol/phospha- 
tidylglycerol mixtures [27] are identical to the mo- 
bilities of vesicles formed from mixtures of phos- 
phatidylglycerol with phosphatidylcholine (for 
phosphatidylglycerol, see Ref. 28; for P C / phos -  
phatidylglycerol 5 :1 ,  see Ref. 6) and twice the 
mobilities of phosphat idylchol ine /gangl ios ide  
vesicles [6,7,12] of equivalent surface charge. If  the 
head groups of phosphatidylcholine [29] and of 
diglucosyldiacylglycerol are parallel to the plane 
of the bilayer, they would exert little hydrody- 
namic drag effect on the electrophoretic mobility, 
as is observed. 

In contrast, the head groups of the gangliosides 
are extended from the bilayer plane [11,12] so that 
they exert considerable hydrodynamic drag, even 
for the smallest ganglioside head group (GM3), 
which is a trisaccharide [12]. Some monosac- 
charide head groups are also suspected of ex- 
tended orientation, based on electrophoretic mo- 
bility measurements (phosphatidylinositol [30]), or 
on 2H-NMR studies (glucocerebroside [31]; gluco- 
syldialkylglycerol [32]). In the case of cerebroside, 
there is disagreement between groups as to the 
preferred orientation of the head group (compare 
Ref. 10 with Ref. 31). If the orientation of sugars 
at the surface of bilayer membranes is modulated 
by balancing electrostatic repulsion (e.g. sialic 
acid), hydration-swelling, and thermal disorder 
with hydrogen-bonding [33] and adhesion [8], then 
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it is tempting to speculate that regulation of charge 
density and saccharide-composition in cellular 
membranes  controls the extension of the glyco- 
calyx into the aqueous phase. 
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