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SUMMARY 

Measurements of hydration and water self diffusion m lamellar phases of the 
ternary system phosphahdylchohne/cholesterol/water have been made using pulse 
N M R  relaxation methods Systems containing phosphatldylchohne and cholesterol m 
a 1 1 mol ratio with varying water contents are studied at 20 5 ~C The results 
in&cite that 12 water molecules corresponds to complete hydration of the phos- 
phatldylchollne/cholesterol umt, and in the region of this hydration a 4-fold decrease 
in water &ffuslon occurs The nature of the bound water and its relationship to phase 
stability and overall water mobihty m the system are &scussed It is concluded that at 
the stolch~ometnc composition the &ffuslon decreases due to the relative ~mmoblhty 
of the bound water The implications in terms of permeabihty regulatIon m the 
aqueous channels by water content and hydration are c~ted 

INTRODUCTION 

The ewdence that the biological membrane contains appreciable amounts 
of hplds m a bdayer form is now extensive [1] and this fact has prompted a con- 
slderable interest in the structure and dynamics of the hpld bllayer This interest has 
focussed not only on the variety and motlonal charactenshcs of the lipid molecules 
but also on the water which appears to be an intrinsic component of the ~table 
lamellar bllayer phase [2~1] Since in many hvlng systems phosphollplds are often 
found associated with cholesterol, this being particularly true for leclthms, the effect 
of cholesterol on lecithin/water bdayers 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 (phosphatldylchollne)/water lamellar phases by nuclear magnetic resonance 
(NMR) techmques [4] to the ternary system phosphatldytchohne/cholesterol/water 
We have selected systems with phosphatldylchohne/cholesterol in a 1 l mol ratio, 
and a water content, q~w, 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 hquxd crystalhne phase at room temperature 

(20 5 °C) In this system the crystalline gel -~ liquid crystal transition is essentially 
removed A fluid lamellar structure of alternating phosphatldylchohne and choles- 
terol molecules exists with an increase in the amount of bound water compared to the 
phosphat~dylchohne/water case [6] The structural nature and the dynamics of the 
water and the relationship to the structural stabdlty of the overall phase will be 
elucidated and the possible implications m terms of permeability regulation m 
hydrophfllC channels in such a bflayer structure will be dtscussed 

The use of NMR relaxation measurements to probe the structure and t~me 
dependence of molecular environments is well-known and theoretically understood 
The spin-lattice relaxatmn rate 1/I"1 m fluid systems lnvolwng magnetic dipolar rater- 
actions is related to the correlation hme for molecular motion (zc) and hence, to the 
structural order at the molecular level The spin-spin relaxation rate 1/Tzo. measured 
from the decay of NMR spm echoes m the Carr-Purcell/Gfll-Melboom RF pulse 
sequence [7] contains information on the natural spin-spin relaxation rate (I/T2) 
(also related to ~o) and other processes contributing to the dephaslng of  nuclear spins 
such as spin diffusion [8] and the chemical exchange of spms between different 
structural enwronments [9] Self diffusion coefficients (D) measured from NMR 
relaxation [10] y~eld a direct measurement of molecular mobility In this way, using 
N MR  relaxaUon measurements of ~H m the lamellar phases of phosphatldylchohne/ 
cholesterol/water for different water contents, we have charactensed the stolchlometry 
and nature of the water binding in the system m terms of a two site model, and related 
th~s to the overall water mobility in the system 

EXPERIMENTAL 

Matertalx 
Lecithin (phosphatldylchohne) 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 obtained from Fisher Scientific The gels were 
prepared by dissolving phosphatldylchohne and cholesterol m a 1 1 mol ratio in 
chloroform and the solvent evaporated under reduced pressure, delomzed water was 
then added After manual mixing the mixture was placed m a syringe, evacuated and 
forced back and forth through a narrow constriction The mixture was then left under 
N2 at room temperature for a few days and the existence of the lamellar phase verified 
by powder X-ray analysis The gels were placed m 5-ram outer diameter NMR sample 
tubes (approx 1 ml volume) The water content was checked by drying under vacuum 
at 35 °C to constant weight and the prects~on ofq)w was estimated a t ~  1 

Methods 
The 1H pulse NMR measurements were made on a N MR Specialties PS60 

instrument operating at 30 MHz The field was provided by a Bruker BM 12 electro- 
magnet eqmpped with a 5-digit Precision Hall Stablhzer and 8 Gradient Electric 
Current Sh~m Pole Caps The measurements of self diffusion coefficients were made 
with the aid of a Bruker pulsed field gradient umt type B-KR 300 Z 18 

The T 1 measurements were made using the conventional zc-~r-rc/2 pulse sequence 
[8] The Carr-Purcell measurements were made using the mod~ficatlon of  Melboom 
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and G111 [7] with the n/2, n pulse separahons r vaned over a factor of 10 The precision 
on the T1 values was estimated a t ± 1 0  ~ and on the T2~ p values L 15 0,, Dtffuston 
measurements were made by observing the attentuatlon of an echo following the 
apphcatlon of a n/2-7;-n RF pulse sequence when two magnetic field gradient pulses ol 
width 6 and amphtude g were apphed, one between the RF pulses and the second 
between the n pulse and the echo Under these condmons where A is the field gradient 
pulse separatton the echo amphtude is given by [10] 

E - - E o e x p [  72gZ62(A b/3)D] ( I )  

The apparatus was cahbrated to obtain g using pure water of  known self-d~ffUSlOn 
coefficient D - ~ 2 5 1 - ~ 0 0 l  10-Scm z s - t  [12] Also by lnvesUgatlon of the depen- 
dence of echo attenuation upon the value of A ~t was possible to determine if restricted 
dlffusmn occurs [13, 14] A Nlcolet 1070 signal averager was used for data handhng 
and slgnal/no~se Improvement 

Higher frequency relaxauon measurements were made at 60 and 90 MHz on 
two samples using mstrumentaUon made available by Brandeis Umverslty 

RES UL FS 

The values of T 1, T2o p and D of the water protons for various water contents 
are shown m Tables 1 and II F~g 1 shows a smooth decrease m proton spin-lattice 
relaxahon rate 1IT 1 with increasing water content m the range studied These data are 

T A B L E  1 

W A T E R  P R O T O N  SPIN L A T T I C E  R E L A X A T I O N  T I M E S  (TD A N D  SPIN-SPIN R E L A X A -  
T I O N  T I M E S  (Tzcp) F O R  V A R I O U S  P U L S E  I N T E R V A L S  (rCp) IN T H E  C A R R - P U R C E L L  
S E Q U E N C E  A T  D I F F E R E N T  C O M P O S I T I O N S  

Cfw Tl (ms) 

0 1 3 6  7 9 5 ~  8 0  

0188  877-~  8 8  

0 2 1 0  101 1 ~ 1 0 1  
(60 MHz)  124 0 ± 1 2  4 

(90 MHz)  197 5 t 19 8 

r('~/2-"z) T2~p 
(ms) (ms) 

0 1 2  6 2  
0 1 8  5 4  
0 2 4  5 8 
0 3 6  6 3  
0 4 8  6 1 

0 11 102 
0 2 2  9 2  
043  11 9 
0 8 6  119 

0 2 7  194  
0 12 27 1 
0 22 26 5 
0 50 25 8 
1 00 25 6 
1 50 25 9 
2 00 25 6 
5 00 26 6 

Cont inued  
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q~w Tt (ms) z(~/2-~) T2cp 
(ms) (ms) 

0227 9 6 7 ~  97  012 157 
046 15 2 
092 15 7 

0240 103 14-103 0 11 18 6 
022 16 3 
0 31 15 7 
0 44 15 9 
088 172 

0 255 120 94-12 1 0 13 23 0 
027 21 7 
0 38 22 3 
054 21 2 
1 08 24 8 

0285 135 7 ± 1 3 6  0 13 244 
0 27 24 1 
0 40 22 7 
0 54 24 2 
1 08 26 1 

0305 139 4-140 014  315 
0 27 32 2 
0 40 30 8 
0 54 30 9 
1 08 34 7 

0310 151 84-152 029 399 
(60 MHz) 19004-190 0 12 446 

0 22 43 9 
0 50 43 3 
1 00 42 9 
1 50 42 6 
2 00 42 4 
5 00 42 0 

0 340 

(90 MHz) 241 84-24 2 

153 44-15 3 0 14 38 8 
0 27 38 3 
0 38 37 7 
054 40 1 
1 08 39 1 
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then analysed using a two s~te model involving rate exchange between bound water 
(hydrated to the hydrophdm end groups of the phosphahdylchohne/cholesterol) and 
free water The number of water molecules bound (nB) can be evaluated using the 
equation [9, 15] 

l PA PB 
- + _ _  ( 2 )  

T, T1 A T 1 .  

where T~. ~s the spm-latuce relaxation Ume of free water (approx 2 0 s), PA and Pa 
are the tool fractmn of total water which ~s free and bound, respectwely (PA+P. 
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TABLE 1I 

W A T E R  SELF D I F F U S I O N  C O E F F I C I E N T S  (D~.~,) A-I 

q .  D~.t~ 10 ~ (cm 2 

0 146 2 4 8 ~ 0  12 
0 188 3 3 4 ~ 0  17 
0227 4 2 1 ± 0 2 1  
0240 445 4022 
0255 4 5 2 = 0 2 3  
0265 276 - 0  14 
0285 I 3 5 ~ 0 0 7  
0 ] 0 5  1 IIA-O06 
0 ~40 I 40 [ 0 0 7  

,.. - t ) 

D I F F E R E N T  COMPOSIT1ONb 

160 

140 

120 

I00 

8O 

6O 

40 

20 

' ' ~'0 ' ' - - '  0 10 30 40 

~w 
F ig  1 P r o t o n  sp in- la t t ice  re lax.at lon rate (I/T~) as a f unc t i on  o f  ~ a t e r  content  (~w) in lec i th in '  
cholesterol/water lamellar phases 

== 1 ), and  TxB is the spm-latUce re laxat ion  Ume of  bound  water  (a measnred  value of  

61 5 ms was used corresponding to ~Pw = 0 1 0 5 ,  a low water content where all the 
water  is p re sumab ly  bound)  The values for PB and  n B ob ta ined  f rom the hnear  
regression analysis  are shown m Table  l I I  and  a consis tent  value for n B of  approx  12 
is ob ta ined  after the s to lchlometr lc  hmlt  is reached This value is m excellent  agree-  
men t  wi th  es t imates  f rom an adsorpUon iso therm s tudy by  Jendras lak  and Has ty  [16] 
and  a recent  theoret ica l  e sumate  by F o r s h n d  and Kje l l ander  [17 ] 

The dependence  of  the self diffusion coefficient of  water  on ¢Pw is shown in Fig  
2 The results reveal  a d rama t i c  decrease m the value of  the self dxffuslon by  a fac tor  of  
four  at  ~o w = 0 2 7 ~ 0  01 Sxmdar decreases m D have been observed m such systems 
by  t racer  methods  at  specific water  contents  [18] and  have been in terpre ted  ~n terms 
o f  a change m con fo rma t ion  of  the l ipid head  g roup  N o  defimtlve data ,  howe~er,  has  
been presented  to i l lustrate the na ture  ol existence of  this con fo rma t ion  change It ~s 
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F~g 2 Water self d~ffus=on coefficients as a function of water content (~.)  m lecithin/cholesterol/ 
water lamellar phases 

TABLE 111 

STOICHIOMETRY OF WATER BINDING 

Pa is tool fraction of water bound and nB is number of water molecules bound 

tFw Pa na 

0 14 0 7 7 ±0  11 8 0 ± 0  9 
0 16 0 73±0  10 8 9 ± 0  9 
0 19 0 6 7 ±0  09 10 0 ± 0  9 
0 22 0 6 1 ±0  09 10 9 1 0  9 
024  0 5 7 ± 0 0 8  1 1 4 ± 0 9  
026 0 5 2 ± 0 0 7  11 7 ± 0 8  
0 28 0 4 8 i 0  07 11 9 ± 0  8 
0 30 0 4 4 ± 0  06 12 0 ~ 0  7 
032 040::/_005 1 1 9 ± 0 6  
034 0 36:Jz0 05 11 8 ~ 0 6  

readdy apparent, however, from our analysis of the T 1 data that this decrease In the 
self diffusion occurs at the region of maximum hydration Hence, it ~s proposed that 
it ~s the bmdmg of water molecules to the hydrophdlc head groups which controls the 
overall water mobility m the phase This will be discussed m more detail 

At a convenient ~r/2-n pulse interval of  40 ms, the echo attenuation was 
measured as a function of d (the field gradient pulse separation), between 10 and 
70 ms for a sample with ~o w -- 0 34 A continual decrease m echo amphtude with 
increasing A m accordance with Eqn 1 was observed over the enttre range of A 
indicating that diffusion is not restricted on the N M R  time scale [14] Eqn 1 ~s valid 
as long as (2DA)~ << X, where X is the dimension characteristic of the region of  
space to which the spins are confined In th~s case the value of (2DA)~ for A ~ 70 ms 



202 

gives 5 10 -4 cm indicating that diffusion is unrestricted over this distance ~\hlch 
corresponds to over 100 phosphatldylchohne molecules in the water layer 

Structural studlea of phosphatldylchohne/water systems were made b~ Lange 
and Gary Bobo [18] using polarizing microscopy and freeze fracture electron micro- 
scopy They observed perfectly lamellar regions at different water contents that were 
in the order of 10 -3 cm in size, and with water channel wJdths m the order of 100 
Therefore in the time frame of our diffusion measurements (10 70 ln~) it seems 
likely that the water molecule could diffuse through more than one ordered region 
Thus, If measurements could be made m a much shorter t~me scale, we may have ~een 
restricted diffusion Pearson et al [15], m porcine muscle, using the same method ol 
measurement also observed non-restricted water d~ffUSlOn 

It can be seen from Table 1 that the T, values show no dependence on the 
pulse separation r, and are over a factor of ten shorter than the corresponding T~ 
values They also reveal a progressive increase with water content These ~esults can be 
interpreted in terms of a fast exchange process m accordance with theory' [9 15] In 
the slow pulsing limit with fast exchange (% 7",  ) the relaxatmn rate IS given b5 

1 PA PB 
- - +  13) 

T2 T2A T2 B 

where A and B refer to the free and bound situations as before The examination of 
the Cart-Purcell data reveals a linear dependence of I /T z  on PB m accordance with 
this equation, except at very low water contents, where the nature of the phase is less 
defined From this a value for 72B of 13 ms IS obtained A comparison of this value 
with that for T1, ~ 61 5 ms reveals that the bound water is in a rigid environment 
beyond the extreme narrowing hmlt defined by the TI minimum [19] A calculation 
for our results on the phosphatldylchohne/water system [4] shows similar behavlour 
and a T2~ value of 9 2 2 ms Thus it is apparent that T~B (phosphat, dylchollne/water) 
>T~ ~ (phosphatldylchohne/cholesterol/water) and T2B (phosphatldylchohne/water) 
< T2 B (phosphatldylchollne/cholesterol/water) showing that we are in the non-extreme 
narrowing limit, and that the water binding in the phosphatldylchohne/water case ~s 
stronger (the water having a longer molecular correlation time To) than in the phos- 
phatldylchohne/cholesterol/water case, m agreement with previous work [6] The 
reason we observe no dependence on pulse spacing is that the hfetlme of the bound 
species is too short and our instrumental limits prevent us from pulsing fast enough 
This places a limit on the value of the llfettme of the bound water of rB < 10- s S 

Measurements of T~ at 60 and 90 MHz (Table I) show a frequency-dependent 
T~ m accordance w~th the non-extreme narrowing SltUatmn for bound water Analysis 
by Eqn 2 yields values for TI~ of 82 0 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 esumate of the rotatmnal correlation t~me of r ~ 2 10- 8 s is obtained 
[19] This value compares favorably with estimates for small molecules bound to 
macromolecules in ordered systems [3] 

There is, of course, evidence that the bound water in these systems Js preferen- 
tially oriented and undergoes anlsotroplc motion [3] One component of this motion 
hawng a motional frequency less than the observing frequency thus leading to T~ > 
T z The above correlation nine then represents an approx~matlon to the exact calcula- 
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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  phosphatldylchohne/cholesterol/water is bound to the extent of 
12~: ! water molecules per phosphatldylchohne/cholesterol umt and in the region of 
this hydration a dramatic decrease in water moblhty occurs More detailed examina- 
tion of our results (Table I I I )  reveals a shght peaking of the calculated value of nB 
indicative of  a maximum Stolchlometry at this composition Presumably the phase 
stablhty is greatest here and decreases shghtly on the addition of further water 

In terms of the validity of the two slte (bound-free) model used in this analysis 
we wdl explore the other posslblhtles I f  the water exxstmg in the lamellar phase is of  
one structural type then our Ti data could be interpreted as simply an increase m 
water mobility with  increasing ~o w This leads to a progressive increase in T 1 in 
accordance with the extreme narrowing limit It is difficult to ratlonahse thls explana- 
tion, however, with the large difference observed for the values of  T2cp compared to 
TI [19] This fact, and the higher frequency T1 measurements which verify that the 
bound water is m the non-extreme narrowing situation (r c = 2 10-s  s) where /'1 
must decrease with increasing mobility, indicate that T 1 would decrease with increas- 
ing water content if all the water was bound Th~s, of  course, is in direct opposition 
to the experimental observations Moreover, the decrease in self diffusion coefficient 
f r o m 4 5  1 0 - 6 t o l l  10 -6cm  2 s - ~ o c c u r r m g a t q ~ , ~ 0 2 7 w o u l d l e a d t o a c h a n g e  
in the lntermolecular contribution to T1 by approximately a factor of  4 Our T~ 
results show no corresponding change with water content at q~w = 0 27 of suffioent 
magmtude We must conclude then that it is extremely unlikely that our experiments 
can be interpreted m terms of a single structural species for water There is, however, 
a d~stmct possibility that the hydration of phosphollplds gwes 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 is characterlsed by a single 
overall mobihty 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- 
phatldylchohne/cholesterol/water lamellar phase whach indicate that the cross 
sectional area available to one hydrophihc head in the phosphatldylchohne/choles- 
terol unit is 76 A 2 Assuming a density for the choline phosphate group of 1 32 g 
cm -3 [21] and an extended length of 10 A the cross-sectmnal area of the group is 24 
A 2 I f  the volume of the water molecule is 30/~k 3 and the thickness of  the aqueous 
layer is 17 _A (assuming a water density close to unity) it is possible to fit between 13 
and 14 water molecules in 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 in self dllTUSlOn coefficients at specific water 
contents m lamellar phases have been ascribed to the existence of a conformatlonal 
change of  the choline phosphate group [18] However, in view of the fact that in the 
phosphatldylchollne/cholesterol/water system the decrease in water self diffusion 
coefficient (/9) occurs at the region of maximum hydration ~t seems likely that in this 
system, at least, the mobility of  the water may also be related to its structural nature 
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m the phase When the water ~s bound and the structure is most stable (at (Pw 
0 27-0 33 according 1o our analysts) the water is relatively immobile Above and 
below this composmon D wdl increase hnearly with water content Below q0w 0 27 
~t Ls the relanve lnstabd~ty of the phase which contributes to the relatively high mobil- 
~ty, above q)~ 0 27 free water exists and D should once again increase Th~s beha~- 
1our could have a considerable effect on the permeablhty through aqueous channels 
m bllayer structures especmlly for ionic specms whmh also interact with water The 
avadabdlty or non-avallablhty of free water for runic hydration could selectively 
control lOmC permeabdlty based on the hydration number of the ion The ions ol 
primary interest in such bflayer systems are, of course, Na + and K + due to thmr 
slgmficance m the membrane potential Na + exists as a hexa-aquo ion and K + shows 
little evidence of hydratmn We would thus expect K + permeabdlty to be msensmve 
to hpld hydratmn whereas the avadablhty of free water for Na(H20)o + tormatlon 
could selectively regulate the permeabdlty of Na + relative to K + The s~tuatlon ts 
obwously more complex than th~s simple pmture and depends on the relative thermo- 
dynamm stabd~ty of all possible species present but a detaded investigation of ~on 
mobdlt> and its relatmnshlp to phosphohpld hydration could greatly improve our 
understandmg of membrane permeabdlty 
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