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SUMMARY

Measurements of hydration and water self diffusion 1n lamellar phases of the
ternary system phosphatidylcholine/cholesterol/water have been made using pulse
NMR relaxation methods Systems containing phosphatidylcholine and cholesterol in
a | 1 mol ratio with varying water contents are studied at 20 5 °C The results
indicate that 12 water molecules corresponds to complete hydration of the phos-
phatidylcholine/cholesterol unit, and in the region of this hydration a 4-fold decrease
in water diffusion occurs The nature of the bound water and tts relationship to phase
stability and overall water mobility i the system are discussed It 1s concluded that at
the stoichiometric composition the diffusion decreases due to the relative immobility
of the bound water The implications 1n terms of permeability regulation in the
aqueous channels by water content and hydration are cited

INTRODUCTION

The evidence that the biological membrane contains appreciable amounts
of lipids 1n a bilayer form 1s now extensive [1] and this fact has prompted a con-
siderable mterest 1n the structure and dynamics of the lipid bilayer Thus interest has
focussed not only on the variety and motional charactenistics of the lipid molecules
but also on the water which appears to be an intrinsic component of the stable
lamellar bilayer phase [2-4] Since m many living systems phospholipids are often
found associated with cholesterol, this being particularly true for lecithins, the effect
of cholestero! on lecithin/water bilayers has been investigated and the various phases
of the ternary system well characterised by X-ray diffraction and calorimetric methods
[5, 6]

The purpose of this paper is to extend the investigation of water binding in
lecithin (phosphatidylcholine)/water lamellar phases by nuclear magnetic resonance
(NMR) techniques [4] to the ternary system phosphatidylcholine/cholesterol/water
We have selected systems with phosphatidylcholine/cholesterol in a 1 1 mol ratio,
and a water content, ¢, defined as g water per g total phase, in the range 0 13-0 35
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This corresponds to a single lamellar hiquid crystalline phase at room temperature

(205°C) In this system the crystalline gel — liquid crystal transition is essentially
removed A flmd lamellar structure of alternating phosphatidylchohne and choles-
terol molecules exists with an increase 1n the amount of bound water compared to the
phosphatidylcholine/water case [6] The structural nature and the dynamics of the
water and the relationship to the structural stability of the overall phase will be
elucidated and the possible implications 1n terms of permeability regulation n
hydrophilic channels 1n such a bilayer structure will be discussed

The use of NMR relaxation measurements to probe the structure and time
dependence of molecular environments 1s well-known and theoretically understood
The spin-lattice relaxation rate 1/7; 1n fluid systems mvolving magnetic dipolar inter-
actions 1s related to the correlation time for molecular motion (z.) and hence, to the
structural order at the molecular level The spim-spin relaxation rate 1/7,_ measured
from the decay of NMR spin echoes in the Carr-Purcell/Gull- Meiboom RF pulse
sequence [7] contains information on the natural spm-spin relaxation rate (1/75)
(also related to 7,) and other processes contributing to the dephasing of nuclear spins
such as spin diffusion [8] and the chemical exchange of spins between different
structural environments [9] Self diffusion coefficients (D) measured from NMR
relaxation [10] yield a direct measurement of molecular mobility In this way, using
NMR relaxation measurements of *H in the lamellar phases of phosphatidylcholine/
cholesterol/water for different water contents, we have characterised the stoichiometry
and nature of the water binding 1n the system in terms of a two site model, and refated
this to the overall water mobility 1n the system

EXPERIMENTAL

Matenals

Lecithin (phosphatidylcholine) was extracted from egg yolk according to the
method of Singleton et al [11], freeze dried, and the purity checked by thin-layer
chromatography The cholesterol was obtamed from Fisher Scientific The gels were
prepared by dissolving phosphatidylcholine and cholesterol in a 1 1 mol ratio in
chloroform and the solvent evaporated under reduced pressure, detonized water was
then added After manual mixing the mixture was placed 1n a syringe, evacuated and
forced back and forth through a narrow constriction The mixture was then left under
N, at room temperature for a few days and the existence of the lamellar phase verified
by powder X-ray analysis The gels were placed in 5-mm outer diameter NMR sample
tubes (approx 1 mlvolume) The water content was checked by drying under vacuum
at 35 °C to constant weight and the preciston of ¢, was estimated at+1 %

Methods

The 'H pulse NMR measurements were made on a NMR Specialties PS60
mstrument operating at 30 MHz The field was provided by a Bruker BM 12 electro-
magnet equipped with a 5-digit Preciston Hall Stabilizer and 8 Gradient Electric
Current Shum Pole Caps The measurements of self diffusion coefficients were made
with the aid of a Bruker pulsed field gradient unit type B-KR 300 Z 18

The T; measurements were made using the conventional n-v-7/2 pulse sequence
[8] The Carr-Purcell measurements were made using the modification of Meiboom
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and Gill [7] with the 7/2, 7 pulse separations 7 varied over a factor of 10 The precision
on the T, values was estimated at--10 % and on the T, values 157, Diffusion
measurements were made by observing the attentuatlon of an echo following the
application of a n/2-7-1 RF pulse sequence when two magnetic field gradient pulses of
width 6 and amplitude g were applied, one between the RF pulses and the second
between the n pulse and the echo Under these conditions where 4 1s the field gradient
pulse separation the echo amphtude 1s given by [10]

E -= Eyexp[ - v*g26*(4  0/3)D] (1)

The apparatus was calibrated to obtain g using pure water of known self-diffuston
coefficient D =2514001 1075cm? s~' [12] Also by mvestigation of the depen-
dence of echo attenuation upon the value of 4 1t was possible to determine 1f restricted
diffusion occurs [13, 14] A Nicolet 1070 signal averager was used for data handling
and signal/noise improvement

Higher frequency relaxation measurements were made at 60 and 90 MHz on
two samples using mstrumentation made available by Brandeis University

RESULTS

The values of T\, T 2., and D of the water protons for vartous water contents
are shown 1n Tables 1 and I1 Fig 1 shows a smooth decrease mn proton spin-lattice
relaxation rate 1/T; with increasing water content in the range studied These data are

TABLE 1

WATER PROTON SPIN LATTICE RELAXATION TIMES (T,) AND SPIN-SPIN RELAXA-
TION TIMES (T2,) FOR VARIOUS PULSE INTERVALS (7.,) IN THE CARR-PURCELL
SEQUENCE AT DIFFERENT COMPOSITIONS

P T, (ms) 7(1/2-7) T2
(ms) (ms)

0136 795+ 80 012 62
018 54

024 58

036 63

048 61

0188 877+ 88 011 102
022 92

043 119

0 86 119

0210 101 1-101 027 194
(60 MHz) 124 0+124 012 271

022 265

0 50 258

1 00 256

150 259

2 00 256

500 26 6

(90 MHz) 19751198 Continued
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Continued from page 198

Pw T, (ms) T(7/2-7) Tiep
(ms) (ms)

0227 967+ 97 012 157
046 152

092 157

0 240 10314+£103 011 186
022 16 3

031 157

044 159

0 88 172

0255 12094121 013 230
027 217

038 223

054 212

108 248

0285 13574136 013 24 4
027 24 1

040 227

054 242

108 261

0305 139 +140 014 315
027 322

040 308

054 309

108 347

0310 151 8+152 029 399
(60 MHz) 190 0419 0 012 46

022 439

050 433

100 429

150 426

200 424

500 420

(90 MHz) 241 8+242

0 340 15344153 014 388
027 383

038 377

054 401

108 391

then analysed using a two site model involving rate exchange between bound water
(hydrated to the hydrophilic end groups of the phosphatidylcholine/cholesterol) and
free water The number of water molecules bound (ng) can be evaluated using the
equation [9, 15]
I Py, Py

2
Tl TIA Tls

where T, 1s the spin-lattice relaxation time of free water (approx 20 s), P, and Py
are the mol fraction of total water which 1s free and bound, respectively (P,o+ Py
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TABLE I1
WATER SELF DIFFUSION COEFFICIENTS (Dy ) AT DIFFERENT COMPOSITIONS

. Dyater 10° (cm?2 71
0 146 248 L0 12
0188 3344017
0227 4214021
0240 4451022
0255 452-023
0265 276014
0 285 1354007
0 305 1111006
0 340 1401007
! T T T
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Fig 1 Proton spin-lattice relaxation rate (1/7,) as a function of water content (py) . lecthin’
cholesterol/water lamellar phases

= 1), and T, 1s the spin-lattice relaxation time of bound water (a measured value of
61 5 ms was used corresponding to ¢,, = 0105, a low water content where all the
water 1s presumably bound) The values for Py and sy obtained from the linear
regression analysis are shown 1n Table 11T and a consistent value for ng of approx 12
1s obtained after the stoichiometric hmit 1s reached This value 1s 1n excellent agree-
ment with esttmates from an adsorption 1sotherm study by Jendrasiak and Hasty [16]
and a recent theoretical estimate by Forslind and Kjellander [17]

The dependence of the self diffusion coefficient of water on ¢,, 1s shown in Fig
2 The results reveal a dramatic decrease 1n the value of the self diffusion by a factor of
four at ¢, =027+001 Similar decreases in D have been observed 1n such systems
by tracer methods at specific water contents [18] and have been interpreted 1n terms
of a change 1n conformation of the lipid head group No defimtive data, however, has
been presented to illustrate the nature o1 existence of thus conformation change It 1s
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Fig 2 Water self diffusion coefficients as a function of water content (@,) in lecithin/cholesterol/
water lamellar phases

TABLE 111
STOICHIOMETRY OF WATER BINDING

Ps 1s mol fraction of water bound and »p 1s number of water molecules bound

Pw PB Ap

014 077+0 11 80409
016 073+010 89109
019 067+0 09 100+09
022 061+009 109409
024 0574008 114409
026 0524007 117408
028 0484007 119408
030 044006 120407
032 0404005 119406
034 0361005 118406

readily apparent, however, from our analysis of the T, data that this decrease 1n the
self diffusion occurs at the region of maximum hydration Hence, 1t 1s proposed that
1t 1s the binding of water molecules to the hydrophilic head groups which controls the
overall water mobility in the phase This will be discussed 1n more detail

At a conventent m/2-z pulse interval of 40 ms, the echo attenuation was
measured as a function of 4 (the field gradient pulse separation), between 10 and
70 ms for a sample with ¢, = 034 A continual decrease 1n echo amplitude with
mcreasing 4 i accordance with Eqn 1 was observed over the entire range of A
indicating that diffusion 1s not restricted on the NMR time scale [14] Eqn 1 1s valid
as long as (2D4)* < X, where X 1s the dimension charactenstic of the region of
space to which the spins are confined In this case the value of (2DA4)* for 4 = 70 ms
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gives 5 10 % cm indicating that diffusion 1s unrestricted over this distance which
corresponds to over 100 phosphatidylcholine molecules in the water layer

Structural studies of phosphatidylcholine/water systems were made by Lange
and Gary Bobo [18] using polanizing microscopy and freeze fracture electron micro-
scopy They observed perfectly lamellar regions at different water contents that were
in the order of 1072 cm 1n size, and with water channel widths in the order of 100 A
Therefore in the time frame of our diffusion measurements (10-70 ms) 1t seems
likely that the water molecule could diffuse through more than one ordered i1egion
Thus, if measurements could be made 1n a much shorter time scale, we may have seen
restricted diffuston Pearson et al [I5], in porcine muscle. using the same method of
measurement also observed non-restricted water diffusion

It can be seen from Table 1 that the T,  values show no dependence on the
pulse separation 7, and are over a factor of ten shorter than the corresponding 7,
values They also reveal a progressive increase with water content These 1esults can be
mterpreted 1n terms of a fast exchange process in accordance with theory [9 15] In
the slow pulsing limtt with fast exchange (t5 T, ) the relaxation rate 1s given by

where A and B refer to the free and bound situations as before The examination of
the Carr-Purcell data reveals a linear dependence of 1/7, on Py 1n accordance with
this equation, except at very low water contents, where the nature of the phase 1s less
defined From this a value for 7, _ of 13 ms 1s obtamed A comparison of this value
with that for 7', - 61 5 ms reveals that the bound water 1s in a rigid environment
beyond the extreme narrowing limit defined by the 7, minimum [19] A calculation
for our results on the phosphatidylchohne/water system [4] shows simular behaviour
and a T, value of 9 | 2 ms Thus it 15 apparent that T, _ (phosphatrdylcholine/water)
>T,, (phosphatidylcholine/cholesterol/water) and T,  (phosphatidylcholine/water)
< T, (phosphatidylcholine/cholesterol/water) showing that we are in the non-extreme
narrowing limit, and that the water binding in the phosphatidyicholine/water case 15
stronger (the water having a longer molecular correlation time 7,) than in the phos-
phatidylcholine/cholesterol/water case, mn agreement with previous work [6] The
reason we observe no dependence on pulse spacing 1s that the hfetime of the bound
species 1s too short and our instrumental limits prevent us from pulsing fast enough
Thus places a hinut on the value of the hifetime of the bound water of 75 = 1075 s

Measurements of T, at 60 and 90 MHz (Table 1) show a frequency-dependent
T, 1 accordance with the non-extreme narrowing situation for bound water Analysts
by Eqn 2 yields values for T, of 820 ms (60 MHz) and 119 2 ms (90 MHz) These
values represent a verification of the fact that the bound water exists in a rigid environ-
ment and an estimate of the rotational correlation time of 7 =2 107 85 15 obtained
[19] This value compares favorably with estimates for small molecules bound to
macromolecules 1n ordered systems [3]

There 1s, of course, evidence that the bound water 1n these systems is preferen-
tially oriented and undergoes anisotropic motion [3] One component of this motion
having a motional frequency less than the observing frequency thus leading to 7', >
T, The above correlation time then represents an approximation to the exact caleula-
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tion based on a distribution of correlation times for the various components of
motion.

DISCUSSION

We conclude from the analysis of our data that the water present in the
lamellar phase of phosphatidylcholine/cholesterol/water 1s bound to the extent of
124-1 water molecules per phosphatidylcholine/cholesterol unit and 1n the region of
this hydration a dramatic decrease i water mobility occurs More detailed examina-
tion of our results (Table IIT) reveals a slight peaking of the calculated value of ny
indicative of a maximum stoichiometry at this composition Presumably the phase
stability 1s greatest here and decreases slightly on the addition of further water

In terms of the validity of the two site (bound-free) model used 1n this analysis
we will explore the other possibilities If the water existing in the lamellar phase 1s of
one structural type then our T; data could be interpreted as simply an increase in
water mobility with increasing ¢, This leads to a progressive increase m 7 1n
accordance with the extreme narrowing limit It 1s difficult to rationalise this explana-
tion, however, with the large difference observed for the values of T, 2., compared to
T, [19] Thss fact, and the higher frequency T, measurements which verify that the
bound water 1s 1n the non-extreme narrowing situation (r, =2 107 %s) where T
must decrease with increasing mobility, indicate that 7, would decrease with increas-
g water content 1f all the water was bound This, of course, 1s 1n direct opposition
to the expertmental observations Moreover, the decrease 1n self diffusion coefficient
from45 1076to11 10"6cm? s~ !occurringate, = 027 would lead to a change
i the mtermolecular contribution to 7; by approximately a factor of 4 Our 7,
results show no corresponding change with water content at ¢, = 0 27 of sufficient
magnitude We must conclude then that 1t 1s extremely unlikely that our expertments
can be interpreted in terms of a single structural spectes for water There 1s, however,
a distinct possibility that the hydration of phospholipids gives rise to more than one
hydration shell and that a number of layers or structural types of bound water are
present [3,16,20] The bound water described here 1s characterised by a single
overall mobility but may well not be of a single structural type

We can compare our results with the X-ray diffraction data [21] on the phos-
phatidylcholine/cholesterol/water lamellar phase which imdicate that the cross
sectional area available to one hydrophilic head 1n the phosphatidylcholine/choles-
terol umit 1s 76 A2 Assuming a density for the choline phosphate group of 132 g
cm™? [21] and an extended length of 10 A the cross-sectional area of the group 1s 24
A? 1f the volume of the water molecule 1s 30 A3 and the thickness of the aqueous
layer 1s 17 A (assuming a water density close to unity) 1t 1s possible to fit between 13
and 14 water molecules 1n the free volume around each choline phosphate group
This number compares very well with our value for the hydration number of 12

Previously determined decreases 1n self diffusion coefficients at specific water
contents in lamellar phases have been ascribed to the existence of a conformational
change of the choline phosphate group [18] However, 1n view of the fact that in the
phosphatidylcholine/cholesterol/water system the decrease in water self diffusion
coefficient (D) occurs at the region of maximum hydration 1t seems likely that 1n this
system, at least, the mobility of the water may also be related to 1ts structural nature
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mn the phase When the water 15 bound and the structure 1s most stable (at ¢, —
0 27-0 33 according to our analysis) the water 15 relatively immobile Above and
below this composition D will increase linearly with water content Below ¢, - 027
1t ts the relative instability of the phase which contributes to the relatively high mobil-
ity, above ¢, - 027 free water exists and D should once again increase This behayv-
1our could have a considerable effect on the permeability through aqueous channels
1n bilayer structures especially for 1onic species which also interact with water The
availabihity or non-availability of free water for i1onic hydration could selectively
control 10nic permeability based on the hydration number of the 1on The 1ons of
primary interest in such bilayer systems are, of course, Na* and K* due to their
significance in the membrane potential Na* exists as a hexa-aquo 1on and K shows
little evidence of hydration We would thus expect K™ permeability to be insensitive
to lipid hydration whereas the availability of free water for Na(H,0)," tormation
could selectively regulate the permeability of Na* relative to K* The situation 15
obviously more complex than this simple picture and depends on the relative thermo-
dynamic stability of all possible species present but a detailed nvestigation of ion
mobility and 1ts relationship to phospholipid hydration could greatly improve our
understanding of membrane permeability

ACKNOWLEDGEMENTS

The authors wish to thank Astra Pharmaceutical for providing instrumentation
and support to one of us (K A L ) and Lever Bros Foundation for partial support to
one of us (K A L) Thanks are also due to Drs A G Redfield and E Grunwald of
Brandeis Umversity for making available the instrumentation for the high frequency
measurements This research was supported in part by a National Science Foundation
Equipment Grant No GP29185

REFERENCES

1 Chapman, D and Wallach, D F H (1973, Biological Membranes II, Academic Press, New
York

2 Chapman, D, Willlams, R M and Ladbrooke, B D (1976) Chem Phys Lipids 1, 445-47S

3 Finer, E G (1973) J Chem Soc Faraday Trans 1I 69, 1590-1600

4 Gottheb, A M, Inglefield, P T and Lange, Y (1973) Biochim Biophys Acta 307, 444-451

5 Bourges, M, Small, D M and Dervichian, D G (1966) Biochim Biophys Acta 137, 157-167

6 Ladbrooke, B D, Williams, R M and Chapman, D (1968) Biochim Biophys Acta 150, 333-340

7 Metboom, S and Gill, D (1958) Rev Sci Instr 29, 688—691

8 Carr H Y and Purcel, E M (1954) Phys Rev 94, 630-638

9 Carver, J P and Richards, R E (1972) J Magn Res 6, 89-105

0 Steyskal, E O and Tanner,J E (1965) J Chem Phys 42, 288-292

1 Singleton, W S, Gray, M S, Brown, M L and White, J L (1965)J Am Oil Chem Soc 42,
53-56

12 Trappeniers N J, Gerritsma, C J and Oosting, P H (1965) Phys Lett 18, 256-257

13 Tanner,J E and Stejskal, E O (1968) J Chem Phys 49, 1768-1777

14 Packer, K J (1973) J Magn Res 9, 438-443

15 Pearson, R T, Duff, I D, Derbyshire, W and Blanshard, ] M V (1974) Biochum Biophys
Acta 362, 188-200

16 Jendrasiak, G L and Hasty, J H (1974) Biochim Biophys Acta 337, 79-91

17 Forslind, E and Kjellander, R, (1975) J Theor Biol 51, 97-109



205

18 Lange, Y and Gary Bobo, C M (1974) J Gen Physiol 63, 690-706

19 Farrar, T C and Becker, E D (1971) Pulse and Fourier Transform NMR, Chapter 4, Academic
Press, New York

20 Elworthy, P H (1961) J Chem Soc 5385-5389

21 Lecuyer, H and Dervichian, D G (1969)J Mol Biol 45, 39-57



