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Phosphatidylinositod (P} bilayers, squeezed together by applied osmotic pressures, were studied by both neutron
diffraction and X-ray diffraction. The lamellar repeat period for PI bifayers decreased from 9.5 nm at an applied
pressure of 1.1+ 10° dyn/em® (L1 atm) to 5.4 nm at an applied pressure of 1.6+ 10 dyn/cm’ {16 atm). Further
increases in applied pressure, up to 2.7 - 10° dyn / cm’® (2700 atm) reduced the repeat period by only about 0.3 nm, 10 5.1

m. Thus, a plot of applied pressure versus repeat period shows a sharp upward break for repeat periods less than about
54 nm. For repeat periods of less than 5.4 nm, analysis of neutron-scattering density profiles and electron-density
profiles indicates that the structure of the P! bilayers changes as the bilayers are dehydrated, even though there are only
small changes in the repeat period. These structural changes are most likely due to removal of water from the headgroup
regions of the bilayer. D,0 / H,O exchange experiments show that, at an applied pressure of 2.8 - 107 dyn/ cnv?, water
is located igroup m the plane of the bilayer. We that, ics provide
the i long-range repulsive i ion and steric hindi b Pl h from
apposing bilayers pmwde the major barriers for lhe close appreach of adjacent PI bilayers for repeat periods less than
5.4 nm. This ] analysis also indicat=s that the phosphoinositol group extends from llle plane of the bilayer lmo
the fluid space between adjacent bilayers. This ded ori ion for the group is with elec
measurements on Pl vesicles,

Introduction Bilayer membranes formed from Pl have been in-

vestigated by several physical techniques, including
nuclear magnetic resonance [13). electron spin reso-
nance [14.15). electrophoresis [16]. metachromatic dye
ndsorpnon [141 anaiytical ultracentrifugation [17] and

py [15.16]. These studics have been

PI, or monophosphoinositide, is a negatively charged
lipid found in many plasma membranes. This lipid is of
particular interest for several reasons. First, monophos-
phoinosttide, along with the pol

plays an important role in the agonist-induced forma-
tion of the second messengers diacylglycerol and in-
ositol tri phate (1,2]. The lation of the *phos-

phoinosili::le response’ is the subject of much recent
biochemical research [3-7]. Second, several proteins,
including hydrolytic enzymes, antigens, and cell ad-
hesion molecu]es are anchored to the membrane by
glycosyl-ph itol linkages [8-11]. Third, the
orientation of Pl headgroup may be a factor in the
fusion of lipid vesicles [12].
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primarily concerned with the distribution of PI in
vesicles. Although Sugiura [18] has analyzed 1-(3-sn-
phosphatidyl)-L-myo-inositol-3.4-bisphosphaie/ water
systems by X-ray diffraction 1echniques, there has been
relatively litile work done on the structure of Pl bi-
Iayers Such structural information could be critical to
an ding at he level of the various
roles of Pl in bxologxcal membranes.

In this paper, we investigate by both neutron and
X-ray diffraction techniques the organization of PI bi-
layers squeezed tagether by applied osmotic pressure.

Materials and Methods

The sodium salt of PI from bovine liver was purchased
from Avanti Polar lipids, Inc. The lipid showed a single
spot on thin-layer chromatograms (oxalate silica gel
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plates) with a solvent system of chloroform/ methanol,/
water (65:25:4, v/v).

Neutran-dilfraction experiments were performed at
the High Flux Beam Reactor H-3B crystailography sla-
tion [19] at Brookhaven National Laboratories. Speci-
mens were prepared by drying a chloroform solution
containing 10~20 mg of lipids onto acid-cleaned 1 mm
thick quartz microscope slides. A razor biade was used
1o trim the edges of the dried lipid film to final dimen-
sions of 40 mm x 15 mm. After 12 h equilibration with
the atmosphere above a saturated aqueous KC! solution
at 11°C, the quartz slide was mounted in a sealed
aluminum chamber containing a vial of saturated salt
solution at 21.3°C, The temperature was controlled to
within 0.05 C°® by use of a water bath. The relative
vapor pressure ( p/p,) was held constant within the
chamber wilh saturated aqueous salt solutions [20,21].
The following saturated salt solutions were used to
obtain the relative vapor pressures indicated in
parentheses K ,80, (0.98). NaSO, (0.93), KCI (0.86).
NH,Cl1(0.80), NaCl (0.76), NaNO, (0.66), CaCl, ((1.32),
KC.M,0, (0.20). and LiCl {0.15). In these controlled
humidity atmospheres, the pressure applied to the speci-
men is given by

F= - tRT/¥ ) I p/po)

where R is the molar gas constant, T is the tempera-
ture, and ¥, is the molar volume of water [22]. To
ensure that the observed structure amplitudes were on
the same relative scale, the same specimen, specimen
geometry, and dala collection time were used in the
neutron diffraction experiments. The incident neutron
beam was 4 mm in diameter and intersecied the 40 mm
long lipid film as an ellipse. The quartz slide was
rotated aver a 10° angle (increments of 0.1°) relative to
the heam axis. Therefore the major axis of this ellipse
vuried as the sin of the rotation angle, leading to a
geometrical correction of s=(h/d) for the diffracted
intensity of order f, where d is the lamellar repeat
period {23]). Another factor of s arose from the Lorentz
correction [24], so that the measured intensities were
corrected by multiplying them by % = (h/d)% Entire
elliptical reflections were collected on a two-dimen-
sional position-sensitive gas flow detector. The integra-
tion and background subtraction procedures have been
described in detail previously [19]. D,O/H ;0 cxchange
was performed at a parlial pressure of (.98, by the use
of a saturated salt solution of K,80, in a mixture of
D0 and H,0 {20 vol% D,0).

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

flat sheet of aluminum foil. The aluminum foil was then
given a convex curvature and mounted in a humidity
chamber on a line-focused single-mirror X-ray camera,
Unoriented suspensions were prepared by adding water
solutions of PVP (Sigma Chemical Co.) to dry Pl and

llowing the suspension to incub for several hours,
The osmolic pressures of various PVP/water solutions
have been calculated [25] from the virial coefficients of
Vink [26]. The PI suspensions were sealed in quartz
glass capillary tubes and mounied in a pinhole collima-
tion X-ray camera containing three or morc sheets of
Kodak DEF-5 X-ray film in a flat plate film cassette.
For both oriented and unoriented specimens, the speci-
men-to-film distance was 10 ¢m, and exposure times
were of the order of 5-15 h. The films were processed
by dard techniq and densi ed with a
Joyce-Loebl Medel MKINIC microdensitometer as de-
scribed previously [27]. For the unoriented specimen,
the intensities were corrected by multiplying by a factor
of h?, whereas for the oriented specimens a single factor
of h was nsed. The validity of these correction factors
has previonsly been demonstrated [27). Siructure factors
from diffecent X-ray diffraction experiments were nor-
malized by the procedure of Blaurock (28]

Results

For oriented Pl specimens, both neutron and X-ray
diffraction patterns contained four reflections which
indexed as orders of a lamellar repeat period. Over the
entire range of relative vapor pressures used ( p/p, =
0.15 to p/p, = 0.98, which correspond to applied pres-
sures of P=27-10° dyn/em’ to P=28-10"
dyn/cn®), the lamellar repeat pesiod varied from a
minimum of 5.06 nm to a maximum of 5.28 nm. For the
unoriented Pl suspensions, the lamellar repeat period
ranged from 5.14 nm in 60% PVP (which corresponds to
an applied osmotic pressure of P =5.8-10" dyn/cm®)
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Fig, 1. The nawral logarithm of applied pressure plotted versus
famellar repeat period for P1 bilayers in neutron diffraction (@) and
X-ray diffraction (0) experiments.
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Fig. 2. Observed structure amplitudes for Pl bitayers plotted versus reciprocal space covrdinate in (A) newteon diffraction and (B) X-ray

experiments. Structure amplitudes arc shown for four lamellur orders of diffraction for repeat periods ranging from 3.28 10 5.06 am.

to 9.50 nm in 15% PVP (which corresponds to un
applied osmotic pressure of 1.1 - 10° dyn/em®). In lower
concentrations 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 fur
PVP concentrations between 15% and 40% PVP. A phoi
of the natural logarithm of applied pressure (In )
versus lamellar repeat period (d) is shown in Fig. 1 for
all of the oriented and unoriented specimens. The plot
has two distinct regions. For applied pressures in the
range 22 < In P < 16, the repeal period varies only by
about 0.3 nm. However, as the applied pressure de-
creases from 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 only a few
tenths of a am for applied pressures in the range
22 <In P <16, there are large differences in the ob-
served intensity distributions. Figs. 2A and 2B show
plots of the structure amplitudes of the first four orders
of diffraction aver this range of applied pressure for the
neutron and X-ray experiments, respectively. 1t can be
seen that for both neutron and X-ray diffraction pat-
terns, the structure amplitude for each diffraction order
varies iderably with fy 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].

For the neutron diffraction data, phase angles were
determined for each diffraction order by the use of
D,0,/H,0 exchange [30]. D,O has a higher neutron-
scattering length density than does H,0, and since
water is primarily localized on the outer edges of the
unit cell (in the fluid spaces between membranes and in
the lipid head group regions), D,0/H,0 exchange
changes the magritude of the structure factors in a
predictable manner when the correct phase combination
is obtained [23.30,31}. For centrosymmetric systems.
such as these Pl bilayers, each phase angle must be
cither 0 or 7. To determine the phase angle for each

reflection we have used the procedure of Hargreaves
[32}. in a1 manner similar to that of Zaccai et al. [31).
Consider a fluid space of width w centered at the origin
between adjucent bilayers. In a D.O/H,0 exchange.
the difference between structure factors in the presence
of D,0 and H,0 is given by

expliap () NER U= evplran (A Fali)]

=2/ha o~ pud ST Sd)

where [F(k)| are the structure amplitudes for order f.
a(h) are the phase angles for order &, p is the neutron
scatlering density, and the subscripts H and D refer to
H,0 and D0, respectively [31}. Thus. since py, > pyy. a
plot of A(h) = hlexplian (M)} Foll/sin(mhw/d)
versus  B{h) = klexplia, ()| F; (IDI/sin(mhw /d)
should yield a siraight line with a slope of +1.0 and a
positive intercept with the A{4) axis, pro
rect phase o ination is selected. Following the proce-
dure of Zaccai et al. [31]. we set w=1.0 nm. A plot of
A(h) versus B(h) is shown in Fig. 3 for a phase
combination of 0, . 7. =, for Pl in H,O and 0. 0, =,
and 7 for P! in D,O. This phase comdination gives a
straight line (least-squares fit of #* = 0.98) with a posi-

ed the cor-
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Fig. 3. Plot of A(h) versuws B(h) for a D,0/H,0 exchange expuri-
ment. The straight ling is the [zasi-squases fil 1o the four data points.
See text for details.
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Fig. 4. Neutron-scatiering density profiles for P1 at a relative vapor
pressurc of 0,98 for H0 and 20 vol% D0,

tive slope and a positive y 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].

Meutron density profiles for PI in H,O and 20 vol%
D,0 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-
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Fig. 5. Neutron-scattering density profiles of PI bilayers al relative
vapor pressures of 0.98, 0.76 and 0.15.

as used for 1-(3-sn-rhosphatidyl)-L-mve-inositol 3.4-bis-

spond to the lipid polar headg . The medium-di
sily regions between the headgroup pcaks and the termi-
nal methyl trough correspond to the lipid methylene
chains. Replacement of H;O with D,O increases the
neutron density in the hydrated polar regions at the
edges of the pralile, but has no significant effect on the
hydrocarbon region of the bilayer.

Fig. 5 shows neutron-scattering amplitude density
profiles in H,O 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/p; =
0.98. 3.90 nm at p/p,=0.76 and 3.92 at p/p,=0.15.
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
selative to the average density of the profile with de-
creasing partial vapor pressure. Similar structural
changes have been observed for dioleoyl PC bilayers for
relative vapor pressure between 0.98 and (.66 [23).

Based on the similarity ol the neutron-scattering
amplitude density profiles for Pl (Fig. 5) and PC [32],
we have used the same phase angles for the X-ray
reflections for Pl as have becn determined for PC
125.33]. This was also the same phase anglc combination

hosphate bilayers {18]. Electron density profiles for Pi
at parlial 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-

Electron Density {Arbitrary Unils)

<<<

-2.0 [] 20
Distance Irom Bilayer Genter (nm)

Fig. 6. Clectron density profiles of PI bilayers ut relative vapor
pressures of 0.93, 0.66 and 0.32.



cause of the different scattering-length densities to neu-
trons and X-rays [34] for the H, C, O, and P atoms in
the P1 bilayers. As in the neutron-scatiering amplitude
profiles, each eclectron density profile contains 1wo
high-density headgroup peaks on either side of a low-
electron density hydrocarbon chain region at the center
of the bilayer. The shape of the profile and distance
between the headgroup peaks are both a function of the
partial vapor p The di b head,
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becomes more pronounced. and (3) the density at the
outer edges of the profile increases. The most likely
explanation for these observalions is that at these pres-
surcs, apposing membranes come inlo contact and that
water 15 being removed from the headgroup region of
the bilayer. The £,0,/1,0 exchange experiments (Fig.
4) clearly show, at ¢ relative vapor pressure of 0.98
{In P=17), that water peneteates well into the lipid

peaks across the bilayer increases slightly from about
2.8 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 bilayers arc barely re-
solved.

Discussion

The neutron diffraction and X-ray diffraction data
presented in this paper provide information on the
structure of PI bilayers and the interaction baiween
apposing bilayer surfaces. First, et us consider the
pressure/ repeat period data presented in Fig. 1. As the
applied pressure is reduced fromIn P=16t0'n P =14,
1he lameflar repeat period increases by about 4 nm. This
increase in repeal penod is undoubtedly due primarily
to el ton b the charged Pl bi-
layers {35-37]. The sharp upward break in the plot of
InP versus repeat period (Fig. 1) observed atIn P> 16,
indicates the presence of at leust one additional short-
range repulsive pressure. Two possible short-range pres-
sures that have been observed for PC membranes are
hydration pressure (22 25 38,391 and a pressure arising
from steric a, ps (rom ap-
posing bilayers {27]. [t is likely that both hydration and
steric pressures contribute to In P> 16, Cowley et al.
[35] have presented data which show the influence of
hydration repulsion on PC bilayers containing 10 mol%
PL. The results we have obtained do not provide enough
information to separate the contributions of the hydra-
tion and steric pressures or determine the magnitude of
each of these pressures. However, the structural data
discussed below argue that steric hind b

headgroup regien. The removal of some of theve water
molecules would decrease the area per lipid molesule
and therefore increase the dilayer thickness. assuming
the tipid bilayer ts volumetrically incompressible [22).
The increase in hilayer thickness corresponds to a
straightening ¢r ordering of the kpid bydrocarbon
chains. This results in a closer registration of the termi-
nal methyl groups in the biliayer center, and therefore, a
deeper central trough .n e profiles (Figs. S and 6). For
equivalent pressures, similar structural changes have
been observed for PC bilayers {2327} In the case of PC
bilayers, 1t was demonstrated that these siructural
changes coincided with the onset of steric hindrance
between adjacert bitayers [27], That is, for PC bilayers,
only relatively small structural changes occur for pres-
sures in the range 13 <n » <17, where water is re-
moved primarily from the fluid spaces between adjacent
bilayers {2527.40). However. as the applied pressure is
increased from In P = 17 to In P = 21. for both PC [27]
and PI (Figs. 5 and 6). measurable structural changes
changes occur, most likely due to removal of water from
the bilayer headgroup region. The increased density at
the outer edges of the bilayer at the highest applied
pressures (Figs. 5 and 6) is consistent with the apposing
bilayers coming into contact. That is. when enough
water is removed so thal the inositol groups from ap-
posing bilayers come together, the concentration of
inositol groups in the interbilayer space increases. This
causes an increase in density at the outer edges of the
profiles.

At a relative vapor pressure of 09'4 the distance
between headgroup peaks in the eleciron density pro-
files is about 3.8 nm. This is very similar to the peak-

apposing headgroups provides at least some of the
observed short-range repulsion.

For the range of applied pressures 13 <In P <17,
the X-ray data are not of high enough resolution to
determine the bilayer structure. However, both the neu-
tron diffraction and X-ray diffraction data indicate that
as the PI bilayers are squeezed close together by higher
applied pressures {In P> 17) structural changes occur
in the bilayer. Neutron-scattering density profiles (Fig.
5} and electron density profiles (Fig. 6) show that three
structural changes occur as p is i d above
In P=17: (1) the distance between headgroup peaks
across the bilayer becomes progressively larger., (2) the
terminal methyl trough in the center of the bilayer

to-peak scparation observed in cgg PC bilayers at the
same relative vapor pressure {27]. The headgroup peak
in electron density profiles is located near the center of
mass of the headgroup. that is between the phosphate
motety and the glycerol backbare. (In the neutron-
scattering density profiles the headgroup peak is some-
what closer to the glycerol backbone due to the the
relatively large neutron scattering density of the lipid
carbonyl groups [41]). Space-filling models of PI show
that if the headgroup were fully d, the inositol
group would extend about 0.7-1.0 nm beyond the
headgroup peak in the electron density profiles into the
fluid space between adjacent bilayers. This means that
il the PI headgroups were fully exiended, the total
thickness of a PI bilayer would be about 5.2-5.8 nm.
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Thus. sleric interaction belween headgroups from ap-
posing bilayers vould be expected at these repeat peri-
ods if the P] headgroup were fully extended. The onset
of steric hindrance would occur at smaller repeat peri-
ods if the PI headgroups were not [ully 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 plot of In P versus repeat period (Fig. 1) begins
at repeat period of about 5.4-3.6 nm, in the range of
repeat pz.nodx where steric interactions would oceur if
the p itol groups cnded from the plane of
the bilayer surface.

The idea that the P1 headgroups extend from the
bilayer and cause steric hindrance to the close 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 suggested
that the bulky hydrated phosphoinositol headgroup
might inhibit bilayer fusion by not allowing the forma-
tion of a complex between phosphate groups from
apposing membranes [12]. The bulky PI headgroup
might also effect the electrophoretic mobility of vesicles
containing PI. For example, the electrophoretic mobility
of PI vesicles [16.42] |s smller than that of vesmles

formed from phosy , or idyl

8 Romero, G. (1988) Science 240, 509-511.

9 Law, M.G. and Saltiel, A.R. (1988) Science 239, 268-275.
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Acta 649, 751-758.

3 Berden, JA., Barker, R.W. and Radda, G.K. (1975) Biochim.
Biophys. Acta 75, 186-208.
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17. 44654469,
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chim. Biophys. Acta 644, 165-174.
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Biochim. Biophys. Acta 774, 19-25.

17 Litman, B.J. (1973) Biochemistry 12, 2545~2554.

18 Sugiura, Y. (1981) Biochim. Biophys. Acta 641, 148-159.
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ed.). pp. 261-280, Plenum Press, New York.
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23 King, G.L. Chao, N.M. and Whitc, S.H. (1984} in ~cutrons in
Biology (Schoenborn, B., ed.), pp. 159-172, Plenum Press, New
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serine [42,43]. This can be quahtatxvely explamed by l.he
hydrodynamic drag exerted by the phosphoinositol
group, which would reduce the efectrophoretic mobility
of PI vesicles as compared to other charged phospho-
lipid vesicles [44).
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