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Phosphatidylinositol (P l )  hilayers, squeezed together by applied osmotic pressures, were studied by both neutron 
diffraction and X-ray diffraction. The lamellar repeat period tor P[ bilayers decreased from 9.5 nm at an  applied 
pressure of 1.1 • 106 d y n / c m  2 ( L I  a im) to 5.4 n m  at  an  applied pressure of 1.6 • I07 d y n / c m  z t l 6  atm). Fur ther  
increases in applied pressure, up to 2.7 ° 1 0 9 d y n / c m  z (2700 atm) reduced the repeat period by only about 0.3 nm,  to 5.1 
rim. 'If'hits, a plot of  applied pressure versus repeat period shows a sharp upward break for repeat periods l e ~  than about 
5.4 rim. For  repeat periods of less than 5.4 nm.  analysis of neutron-scattering densit~ profiles and electron-density 
profiles indicates that  the streel~re of the Pl  bilayers changes as the  bilayers are dehydrated, even t h a ~ h  there are only 
small changes in the  repeat period. These structural changes are most likely due to removal of water  f rom the headgroup 
regions of the  bilayer. D 2 0 / H 2 0  exchange experiments  show that,  at an  applied pressure of 2.8-107 d y n / c m  z, water 
is located between adjacent Pl  beedgroups in the  plane of the bilayer. W e  conclude that ,  althoug,~ electrostatics provide 
the dominant  Ioeg-range repulsive interaatiom hydration repulsion and steric hindrance between Pl  beadgroups from 
apposing bilayers peovide the  major  barriers foe the close appeoaeh of adjacent Pl  bilayers for repeat periods less than 
5.4 nm. This smmim'al  analysis also indknt_-.s that  the  phespheinositol group extends from the plane of the  bilayer into 
the  fluid space between adjacent bilayers. This  extended orientation for the beadgroup is consistent with electrupboretic 
measurements  o n  P I  vesicles. 

Introduction 

PI ,  or monophosphoinosi t ide,  is a negatively charged 
lipid found in m a n y  plasma membranes.  This lipid is of  
particular interest for several reasons. First. monophos-  
phoinositide, a long wi th  the polypbosphoinositides. 
plays an  impor tan t  role in the agonisl-induced forma- 
t ion of the second messengers diacylglycerol and  in- 
ositol tr isphosphate [1,2]. The regulation of the ' phes -  
phoinosit ide response' is the subject of much  recent 
biochemical research [3 71. Second, several proteins. 
including hydrolytic enzymes, antigens, and  cell ad- 
hesion molecules, are anchored to the membrane  by 
glyeosyl-phosphatidylinositol linkages [8 11]. Third.  the 
or ientat ion of  PI headgroup may he a factor in the 
fusion of lipid vesicles [121 . 
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Bilayer membranes formed from PI have been in- 
vestigated by several physical techniques, including 
nuclear megnetic  resonanoe [13]. electron spin reso- 
nance [14.15]. electrophoresis [16], metachromatic  dye 
adsorption [141. analytical uhracentr lfugat ion [171 and 
electron microscopy [15,161. These studies have been 
primarily concerned with the  distribution of P1 in 
vezicles. Al though Sugiura [181 has  analyzed l-(3-.~n- 
p h o s p h a t i d y l ) - L - n i v o - i n o s i t o l - 3 . 4 - b i s p h o s p h a t c  / walter 
systems by X-ray diffraction techniques, there has been 
relatively little work done  on the structure of  PI hi- 
layers. Such structural information could be critical to 
an unders tanding at ~he molecular level of  the various 
roles of PI in biological membranes.  

In  this paper, we investigate by both neutron and  
X-ray diffraction techniques the organizat ion of  PI hi- 
layers squeezed together by applied osmotic pressure. 

Materials and MethOds 

The sodium salt of PI f rmn bovine liver was purchased 
from Avanti Polar lipids, Inc. The lipid showed a single 
spot on  thin-layer chrontatogranx~ (oxalate silica gel 
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plates) with a .,,olvem system of c h l o r o f o r m / m e t h a n o l /  
water (65 : 25 : 4. v/v) .  

Neutron-diffraction experiments were performed at 
the High Flux Beam Reactor H-3B crystallography sla- 
tion [19] at Brookhaven National  Laboratories. Speci- 
mens were prepared by drying a chloroform solution 
containing 10-20 mg  of lipids on to  acid-cleaned [ m m  
thick quartz microscope slides. A razor blade was used 
Io trim the edges of the dried lipid film to final dimen- 
sions of 40 m m  × 15 ram. After 12 h equilibration with 
the atmosphere above a saturated aqueous KC! solution 
at l l ° C ,  the quartz slide was mounted  in a sealed 
a luminum chamber  containing a vial of saturated salt 
solulion at 21.3°C, The temperature was controlled to 
within 0.05 C ° by use of  a water bath. The relative 
vapor pressure (P/Pol  was held constant  within the 
chamber  with saturated aqueous salt solutions [20,211. 
The following saturated salt solutions were used to 
obtain the relative vapor pressures indicated in 
parentheses" KzSO 4 (0.gg). NaSO a (0.93). KCI (0.g6), 
N H , C I  (0.80). NaCI (0.76), N a N O  2 (0.66), CaCI 2 (0.32), 
KC~I'[~O: (0.20). and LiCI lO.15l. In  these controlled 
humidity atmospheres, the pressure applied to the speci- 
men is given by 

P= (RT/l,~.Jln{p/po) 

where R is the molar  gas constant.  T is the tempera- 
ture. and V~ is the molar  volmne of  water [22]. To 
ensure that  the observed structure amplitudes were on  
the same relalive scale, the same specimen, specimen 
geometry, and  data  collection time were used in the 
neut ron  diffraction experiments. The incident neut ron  
beam was 4 m m  in diameter  and  intersected the 40 m m  
long lipid film as an  ellipse. The quartz slide was 
rotated over a 1O o angle ( increments of 0. l  o ) relative to 
the heam axis. Therefore 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 
intensity of order  h ,  where d is the lamellar repeat 
period [23]. Another  factor of s arose f rom the Lorentz  
correction [24], so that  the measured intensities were 
corrected by multiplying them by s 2 =  ( h / d )  2. Entire 
elliptical reflections were collected on a two-dimen- 
sional position-sensitive gas flow detector. Tile inte$ra- 
tion and background subtraction procedures have been 
described in detail previously [19l. D ~ O / H 2 0  exchange 
was performed at  a partial pressure of 0.98, by the use 
of a samraled salt solution of K~SO4 in a mixture of 
D20  and HaO (20 vol% I)20). 

X-ray diffraction experiments were performed both  
on oriented samples in controlled humidity atmospheres 
and on unoriented suspensions. The oriented specimens 
were prepared in a similax" manner  to those described 
above for the neutron experiments,  except that  the 
specimen was dried from an aqueous suspension onto  a 

flat sheet 0f a luminum foil. The aluminum foll was then 
given a convex curvature and mounted in a bumidl ty  
chamber  on a line-focused single-mirror X-ray camera. 
Unoriented ~uspensions were prepared by adding  water  
solutions of PVP [Sigma Chemical Co.) to dry PI and  
allowing the suspension to incubate for several hours. 
The osmotic pressures of various P V P / w a t e r  solutions 
have been calculated [25] f rom the virial coefficients of 
Vink [26]. The Pl suspensions were sealed in quartz  
glass capillary tubes and mounted  in a pinhole collima- 
tion X-ray camera conta ining three or more  sheets of 
Kodak DEF-5 X-ray film in a flat plate film cassette. 
For  both  oriented and  unoriented specimens, the speci- 
men-to-fi lm distance was 10 cm,  and  exposure times 
were of the order  of 5 -15  h. The films were processed 
by standard techniques and densitometered wi th  a 
Joyce-Loebl Model M K I l l C  mierodensi tometer  as de- 
scribed previously [27 I. For  the unor iented specimen, 
the intensities were corrected by mult iplying by a factor 
of  h 2, whereas for the oriented specimens a single factor 
of h was used. The validity of  these correction factors 
has previously been demonstra ted [27]. Structure factors 
f rom different X-ray diffraction experiments  were nor- 
malized by the procedure of Blaurock [28]. 

Results 

For  oriented PI specimens, bo th  neut ron  and  X-ray 
diffraction pat terns conta ined  four reflections which 
indexed as orders of a lamellar repeat period. Over  the 
entire range of relative vapor pressures used ( p / p o  = 
0.15 to P/Po = 0.98. which correspond to applied pres- 
sures of P = 2.7 - 109 d y n / c m  2 to  P = 2.8 - l07 
dyn /em2) ,  the lamellar repeat period varied f rom a 
min imum of 5.06 n m  to a m a x i m u m  of 5.28 am.  Fo r  the  
unoriented PI suspensions, the lamellar repeat per iod 
ranged from 5.14 n m  in 60% PVP (which corresponds to 
an  applied osmotic pressure of P = 5 .8 .107 d y n / c r n  2) 
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Fig. 2. Obse~ed st~cture amplit ud~ for Pl bilayers plotted versus r~iprocal space coordhlate in (A} .t, utrcn diffraction and [nf X-r.ly diffraction 
experiments. Structure ampliludes are shown [or four lalnella r orders of diffraction tot repeat periods ranging from 528 to ~06 nm. 

to 9.50 nm in 15% PVP (which correspond~ to an  
applied osmotic pressure of 1 A • l *  6 d y n / c m  -~ ). In lower 
concentrat ions of PVP no discrete reflections were ob- 
served, presumably because the fluid spaces between 
bilayers became large and  irregular in width. Four  
orders of diffraction were recorded for PI in 50% and 
60% PVP, whereas only two orders were recorded f~r 
PVP  concentrat ions between 15% and  40% PVP. A pl,,i 
of  the natural  logar i thm of applied pressure (In P )  
versus lamellar repeat period ( d )  is shown in Fig. 1 for 
all of the oriented and unor iemed specimens. The plot 
has  two distinct regions. For  applied pressures in the 
range 22 < In P <  16, the repeat period varies only by 
about  0.2. am.  However. as the applied pressure de- 
creases f rom In P = 16 to In P -  13.9. the lamellar re- 
peat  period increases by over 4 nm.  

Even though the repeat period changes by on13, a few 
tenths of a nm for applied pressures in the range 
22 < In P < 16, there are large differences in the ob- 
served intensity distributions. Figs. gA and  2B show 
plots of  the structure amplitudes of the first four orders 
of diffraction over this range of applied pressure for the 
neu t ron  and  X.ray experiments,  respectively. I t  can be 
:seen that  for bo th  neut ron  and  X-ray diffraction pat-  
~erns, the structure ampli tude for each diffraction order  
varies considerably with relatively small changes in re- 
peat  period. This observation indicates that ,  over this 
range of applied pressure, the structure of  the bilayer 
changes as the applied pressure is increased [29]. 

Fo r  the neu t ron  diffraction data, phase angles were 
determined for each diffraction order  by the use of 
D = O / H g O  exchange 1301. D=O has a higher neutron- 
scattering length density than  does HgO, and since 
water  is primarily localized on the outer edges of the 
uni t  cell ( in the fluid spaces between membranes  and in 
the lipid head group regions), D z O / H 2 0  exchange 
changes  the magni tude of the structure factors in a 
predictable manner  when the correct phase combinat ion  
is obtained [23,30,31]. For  eentrosymmetric systems. 
such as these PI bilayers, each phase angle must be 
either 0 or  ,n'. To determine the phase angle for each 

reflection we have used the procedure of Hargreaves 
[32t. [n a manner  ~imilar to that  of Zaccai et aL [3t]. 
Consider a fluid space of width it" centered at  the origin 
between adjacent bilayers. In a D ~ O / H , O  exchange, 
the difference between structure factors in the presence 
of D_,O and H_,O is gi~x:n by 

exp("~t~(h)) [Folh l l -e~, l - ,u(h) l [Fuih) l  

- { 2 /h~  I t  e t ,  - ~ ' H  ~ ~ n t  > h .  i d  ) 

where IVth)l are the structure amplitudes for order  h,  
c q h )  are the phase angles for order  h. p is the neutron 
scattering density, and the sub~r ip t s  H and D refer to 
H 2 0  and DaO. respectively 1311. Thus. since Pl~ > Of,. a 
plot  of A (h i  h[exp(i,~)(hl[FL,(h)jl/sln(~hw/d) 
versus B(h)  ~ h[exp(icr.(h)l!"i~(h)l l /sin(~hw/d) 
should yield a slraight line with a slope of + l,O and a 
positive intercept with  the A ( h )  axis, provided the cor- 
rect phase combinat ion is selected. Following the proce- 
dure  of  Zaccai et aL [31]. ~ e  set w = 1.0 am. A plot of 
A(h)  versus B(h) is shown in Fig. 3 for a phase 
combinat ion  of 0, ~', ~, ~r, for PI in H : O  and 0, 0, ~, 
and ~ for PI in D20. This phase combinat ion give.,, a 
straight line (least-squares fit o f  r :  O.98f with a posi- 
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Fig. 3. Plol of Ath) ver~u~ Btht for a DzO/H~O exchange ¢~pefi- 
meal The snaighl line i~ the least-~-Iuares fit to the Four data points. 
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Fig. 4. Ncmron-~canerJng dcnsily profiles for PI at a re]alive vapor 
p~ure  of 0.98 for H20 and 20 vol~ D20. 

tire slope and a positive v intercept. This indicates that 
this is the correct phase combination. This sequence of 
phase angles is the same as that of PC under similar 
experimental conditions [23,31], 

Neutron density profiles for PI in H 2 0  and 20 vol% 
DzO arc shown in Fig. 4. In these profiles, the origin 
has been shifted to the geometric center of the bilayer 
by changing the phases of the odd orders of diffraction 
by 180 °, Thus, the low-density trough in the geometric 
center of the bilayer (0 nm) corresponds to the locali- 
zation of the terminal methyl groups of the lipid hydro- 
carbon chains and the two highest-density peaks corre- 
spond to the lipid polar headgroups. The medium-den- 
sity regions between the beadgroup peaks and the termi- 
nal methyl trough correspond to the lipid methylene 
chains. Replacement of H 2 0  with DzO increases the 
neutron density in the hydrated polar regions at the 
edges of the pr(ffile, but has no significant effect on the 
hydrocarbon region of the bilayer. 

Fig. 5 shows neutron-scattering amplitude density 
profiles in H 2 0  at partial vapor pressures of 0.98, 0,76 
and 0.15. Each of these profiles is similar in shape, but 
the profiles differ in some significant details. First, the 
distance between headgroup peaks across the bilayers 
increases slightly as the partial vapor pressure de- 
creases; the peak-to-peak distance is 3.73 nm at P/Po = 
0.98. 3.90 nm at p/po=0.76 and 3.92 at p/pn=O.15. 
Second, the terminal methyl trough becomes deeper as 
the partial vapor pressure decreases. Third, the neutron 
density at the outer edge of each profile increases 
relative to tbe average density of the profile with de- 
creasing partial vapor pressure. Similar structural 
changes have been observed for diolcoyl PC bilayers for 
relative vapor pressure between 0.gg and 0.66 [23]. 

Based on the similarity of the neutron-scattering 
amplitude density profiles for PI (Fig. 5) and PC 1321, 
we have used the same phase angles for the X-ray 
reflections for PI as have been determined for PC 
;25.331. This was also the same phase angle combination 
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Fig. 5. Neutron-scatterlng densily profiles of PI hilayers al relative 
vapor pressures of 0.gS, 0.76 and 0.t5. 

as used for l-(3-sn-phosphatidyl)-L-myo-inositol 3A-bis- 
phosphate bilayers [1 gl. Electron density profiles for PI 
at partial vapor pressures of 0.93, 0.66 and 0.32 are 
shown in Fig. 6. The electron density profiles (Fig. 6) 
are somewhat different in shape from the neutron- 
scattering amplitude profiles (Fig. 5), presumably be- 
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Fig. 0. Electron density proriles of PI bilayers at relative vapor 
pressures of 0.93, 0.66 and 0.32. 



cause of  the diffr.-mnl scattering-length densities to neu- 
trons and X-rays {3a] for the H,  C, O, and P atoms in 
the Pl bilayers. As in the neutron-scattering ampli tude 
profiles, each electron density profile contains I~o  
high-density headgroup peaks on either side of a low- 
electron density hydrocarbon chain region at  the center 
of the bi layer  The shape of the profile and distance 
between the beadgroup peaks are both  a function of the 
partial vapor pressure. The distance between headgrnup 
peaks across the bilayer increases slightly f rom about  
3.8 nm,  at a relative vapor pressure of 0.93. to about 4.1 
nm,  at  a relative vapor pressure of 0.32, where the 
headgroup peaks from adjacent bitayers are barely re- 
solved. 

Discussion 

The neut ron  diffraction and  X-ray diffraction data  
presented in this paper  provide information on the 
structure of P[ bilayers and  the interaction between 
apposing bilayer surfaces. First. let us consider the 
pressure / repea t  period da ta  presented in Fig. f .  As the  
applied pressure is reduced from In P = 16 to In P = 14. 
the lamellar repeat period thcrease~ by about 4 nm. This 
increase in repeat period is undoubtedly due primarily 
to electrostatic repulsion between the charged Pl hi- 
layers [35-37]. The  sharp upward  break in the plot of 
I n P  versus repeat period (Fig. 1) observed at  Irt P > 16, 
indicates the presence of  at  least one additional ~hort- 
range repulsive pressure. Two possible short-range pres- 
sures that  have been observed for PC membranes  are 
hydrat ion pressure (22.25,3g.39[ and a pressure arising 
f rom sterie interactions between headgroups from up- 
posing bilayers [271. I t  is likely that  bo th  hydrat ion and  
steri¢ pressures contribute to In P >  16. Cowley et ak 
[35] have pre~ented date  which show the influence of 
hydrat ion repulsion on PC bilayers conta ining l0  real% 
PI. The results we have obtained do  not proulde enough 
~nformation to separate the conlributions of the hydro- 
l ion and  steric pressures or determine the  magni tude of 
each of  these pressures. However, the structural data  
discussed below arg,ue that  steric h indrance between 
apposing, headgroups provides at least some of  the 
observed short-range repulsion. 

Fo r  the range of  applied pressures 13 < In P < 17, 
the X-ray data  are no t  of high enough resolution to 
determine the bilayer structure. However, bo th  the neu-  
t ron diffraction and  X-ray diffraction da ta  indicate that  
as the PI bilayers are squeezed close together by higher 
applied pressures (In P > 17) structural changes occur 
in the bilayer. Neutron-scat ter ing density profiles (Fig. 
5) and  electron density profiles (Fig. 6) show that three 
structural changes occur as pressure is increased above 
In P = 17: (1) the distance between headgroup peaks 
across the bilayer becomes progressively larger. (2) the 
terminal methyl  t rough in the center of the bilayer 
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becomes more pronounced,  and  (3) the density at  the 
outer edges of ~,he profile inerea.~e~. The most likely 
explanation for these observations is that  at these pres- 
sures, apposing membranes come into contact and that  
water is being removed from the headgroup region of 
the hilayer. The 1)_,O/I-I~O exchange experiments (Fig. 
4) clearly show, at ~. rcLiOve vapor pressure of 0.98 
(In P =  17L that  w a t ~  pene t r a t~  well in~o Ihe lipid 
headgroup regic-n. The re'l~oual of some of t h e ~  water  
mo!ecules would decrease the area per lipid molecule 
and therefore increase the bilayer thickness, assuming 
the lipid hilayer is voI.~metrtcally incompressible [22]. 
The increase in hilayer thickness corresponds to a 
s traightening c r  ordering of the lipid hydrocarbon 
chains. Thi~ results in a closer registration of the termi- 
nal melhyl groups in the bilayer center,  and therefore, a 
deeper central t rough ,n the profiles (Figs. 5 and 6). For  
equivalent pressures, similar structural changes have 
been observed for PC bilayers [23.27]. In  the case of  PC 
bdayers, it was dc2mollstrated that  these structural 
changes coincided with the onset of steric hindrance 
between adjacent bi~ayers [27]. That  is, for PC bilayers, 
only relatively small strt/ctural changes occur for pres- 
suees in the range 13 < in P < 17, where water is re- 
moved primarily from the fluid spaces between adjacent 
bilayers I25.27,40]. However. as the applied pressure is 
inerea~d  from In P = 17 to In P = 21. for bo th  PC [27] 
and PI (Figs. 5 and 6), measurable structural changes 
changes occur, most likely due to removal of water f rom 
the bilayer headgroup region. The ine r~sed  density at  
the outer edges of the hilayer at  the highest applied 
pressures (Figs. 5 and  6l is consistent wi th  the apposing 
bilayers coming into contact. That  is. when enough 
water is removed so that  the inositol groups from ap- 
posing, bilayers come together, the concentrat ion of 
inositol groups in the interbilayer space increases. This 
causes an increase in density at the outer edges of the 
pr~ffiles. 

At a relative vapor pre~sure of 0.93, the distance 
between b~adgroup peaks in the electron density pro- 
files is about  3.8 nm.  This is v~ry similar to the peak- 
t ~ p ~ k  ~ p a r a d o n  observed in egg PC bitayers at the 
same relative vapor pressure [27]. The hcadgroup peak 
in electron density profiles is located near  the center of 
mass of the heedgroup, that  is between the phosphate  
moiety and  the glycerol backbone. ( I n  the neutron- 
scattering density profiles the headgroup peak is some- 
what  closer to the glycerol backbone due to the the 
relatively large neut ron  scattering density of the lipid 
carbonyl groups [41]). Space-filling models of  PI show 
that if the beadgroup were fully extended, the inositol 
group would extend about  0.7 1.0 n m  beyond the 
beadgroup peak in the electron density profiles into the 
fluid space between adjacent bilayers. This  means  that  
if the PI headgroups were fully extended,  the total 
thickness of a PI bilayer would be  about  5.2 5.8 rim. 
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Thus. steric interaction between headgroups from up- 
posing bilayers would be expected at these repeat peri- 
ods if the PI headgroup were gully extended. The onset 
of steric hindrance would occur at smaller repeat peri- 
ods if the PI headgroups were not fully extended. Our 
profiles (Figs. 5 and 6) are not of high enough resolu- 
tion to determine the precise headgroup orientation or 
provide information on possible changes in headgroup 
conformation during dehydration. However. the break 
in the plol of In P versus repeat period (Fig. 1) begins 
at repeal period of aboul 5.4-5.6 nm, in the range of 
repeat periods where sterie interactions would occur if 
the phosphoinosltol groups extended from the plane of 
the b/layer surface. 

The idea that the Pl headgroups extend from the 
bilayer and cause steric hindrance to Ihe dose  approach 
of adjacent bilayers is consistent with the work of 
Sundler and Papahadjopoulos [12], who have shown 
that the presence of PI inhibits the calcium-induced 
fusion of phosphatidate vesicles. They have suggesled 
that the bulky hydrated phosphoinositol headgmnp 
might inhibit bilayer fusion by  not allowing the forma- 
tion o f  a complex between phosphate groups from 
apposing membranes [12]. The bulky PI headgroup 
might also effect the dectrophoretie mobility of vesicles 
containing Pl. For example, the electrophoretic mobility 
of Pl vesicles [16,42] is smaller than that of vesieles 
formed from phosphatidylglycerol, or phosphatidyl- 
serine [42,43l. This can be qualitatively explained by the 
hydrodynamic drag exerted by the phosphoinositol 
group, which would reduce the electrophoretie mobility 
of PI vesicles as compared to other charged phospho- 
lipid vesicles [44]. 
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