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Summary 

Nuclear relaxation measurements of IH and 170 of water have been applied 
to study the kinetics of water diffusion across vesicular lipid membranes. Dif- 
ferentiation between the intra- and extravesicular media was achieved by 
entrapping Mn 2÷ inside the vesicles. 

The water permeability of egg phosphatidylcholine vesicles was found to be 
2.9.10 -3 cm/s at 25°C, with an activation energy of 10.5 kcal/rnol which 
remains constant through the temperature range 0--65°C. 

The water permeability across vesicular bilayers of L~-dipalmitoyl phos- 
phatidylcholine exhibited a sharp change through the lipid phase transition. 
The permeability in the lipid crystalline phase (45°C) was found to be 7.2. 
10 -3 cm/s with an activation energy of 7.2 kcal/mol. Below the transition at 
the gel phase (35°C) a permeability of 1.0 • 10 -3 cm/s was determined. 

The results indicate that water diffuses through lipid membranes in the 
liquid crystalline phase in a similar fashion to its diffusion in hydrocarbon 
liquids. However, when the lipids undergo a phase transition to the gel state, 
this similarity does not hold any more and water diffusion becomes much more 
restricted than in hydrocarbon liquids. The change in water permeability 
through the phase transition was correlated with the changes observed in the 
lipid segmental motion determined from 13C TI measurements. 

Introduction 

Kinetic studies of water diffusion rates across model membranes are useful in 
understanding the mechanism of water transport. In particular, it enables the 
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correlation of water permeation with the dynamic properties of membrane con- 
stituents. N'MR spectroscopy has been shown to be a successful method for 
determining fast water permeation processes. ~H and ~70 relaxation studies 
have been employed to measure water permeability of red blood cells [1--4] as 
well as that of lipid vesicles [5,6]. A necessary condition for the NMR experi- 
ments is a difference in some NMR parameter (relaxation or shift) of the water 
nuclei at the compartments on both sides of the membrane barrier. Such a dif- 
ference may arise in vivo due to a difference in chemical composition of the 
external and internal cell media but can also be achieved artificially by adding 
small amounts of non-penetrating pararnagnetic reagents which enhance the 
water relaxation or shift its signal. 

This study presents the employment of both I H and ~O relaxation measure- 
merits to follow the kinetics of water diffusion across egg phosphatidylcholine 
and L-a-dipalmitoyl phosphatidylcholine vesicles. Differentiation between the 
intra- and extravesicular media was achieved by loading the vesicles' interior 
with Mn 2÷. A similar method, using ~H relaxation in DPPC vesicles, has been 
previously employed by Andrasko and Forsen [5]. However, by the applica- 
tion of ~70 relaxation studies, it was possible to increase the kinetic range by an 
order of magnitude, thus enabling the extension of the measurements over a 
broad temperature range. In particular, it became feasible to measure water 
diffusion rates across dipalmitoyl phosphatidylcholine vesicles above the phase 
transition and through it. 

Experimental Procedure 

Vesicle preparation 
Vesicles were prepared from pure egg phosphatidylcholine obtained from 

Makor and from L-a<lipalmitoyl phosphatidylcholine from Sigma. The dry 
lipids were-dispersed in an aqueous solution of MnC12 (50 mg lipid/ml) and 
then sonicated under N2 for 10--20 min with a Heat System W-375 sonifier 
(0.375 inch tip, power level 5, pulsed mode, 40% fractional power). Egg phos- 
phatidylcholine dispersions were sonicated in an ice bath and centrifuged for 
30 rain at 4°C. Dipalmitoyl phosphatidylcholine dispersions were both soni- 
cated and centrifuged at 45°C. After centrifugation the zone containing clear 
supernatant was removed for dialysis. 2 ml of vesicles were dialysed against a 
1 1 aqueous solution at pH 6 containing Na4EDTA in an amount equivalent to 
that of MnCI2. Dialysis of egg phoaphatidylcholine vesicles was carried out over- 
night at 4°C, while dipalmitoyl phosphatidylcholine vesicles were dialysed at 
45°C for about 2--3 h. An additional dialysis against 25 ml of H2170 (3%) was 
carried out prior to the ~70 measurements. 

In Fig. 1 we present an example of ~H spectra of egg phosphatidylcholine 
vesicles before and after dialysis.. The appearance of the signal due to the 
choline groups at the external surface of the vesicles (trace B) is an indication 
that most of the Mn 2÷ has been removed from the external medium. 

A control solution of MnC12 of the same concentration as that used in the 
preparation of the vesicles was dialysed simultaneously with the vesicles. Mea- 
surements of the control solution provided information on the relaxation in the 
external vesicular medium without exchange. 
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Fig. 1. 270  MHz 1H spectra o f  emg p h o s p h a t i d y l c h o l i n e  ves ic les  in  a wa te r  so lu t /on  con ta in ing  9 0  mM 
MnCl~, a t  28°C.  B, same as A a f te r  d i a l y ~  o f  the vesicle suspemdon as expla ined in Expe r imen ta l  Proce- 
dure .  

The phospholipid conten t  of  the  vesicles was determined by  ashing and ana- 
lyzing for inorganic phosphate.  

NMR measurements 
Proton relaxation studies were carried ou t  at 270 MHz on a Bruker WH-270 

puise-FT spectrometer  equipped with variable temperature  accessories which 
maintain the temperature  to within +1.0°C. The field was locked on an external 
~H20 solution. Transverse relaxation rates were determined from the half-width 
at half-height, Avl/2, according to 1/T2 = 27rAvl/2. Longitudinal relaxation rates 
were determined by  the inversion recovery method.  

170 studies were performed at 12.2 MHz on a Bruker WH-90 pulse-FT spec- 
t rometer  with a multinuclear probe.  The field was locked on an external 2H20 
solution. A variable temperature  unit  maintained the temperature to within 
±1.0°C. Transverse relaxation rates were determined from the line-width at 
half-height. 

Analysis o f  Data 

The spherical closed membranes of  a vesicle suspension form a separation 
be tween internal water  and external water  environments.  In general, ions dif- 
fuse very slowly across the vesicular walls. Therefore,  we can differentiate 
be tween the inner and outer  water  media b y  preparing vesicles with an excess 
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of paramagnetic ions in the inner medium. Due to the presence of  paramagnetic 
ions, such as Mn 2+, inside the vesicles, the NMR relaxation rates of  either 
protons or 170 of the inner water become much faster than the corresponding 
relaxation rates in the external medium. The process of  water diffusing across 
the vesicular membrane induces an exchange of  water between the two media 
which can be treated in an analogous way to a two-site chemical exchange pro- 
ceSS. 

In our system, the fraction of  the fast-relaxing inner water nuclei is small 
relative to the slow-relaxing external water nuclei (5%). Therefore, we can apply 
the Swift and Connick t rea tment  for analyzing the T2 relaxation results [7] and 
the Luz and Meiboom derivation for T2 relaxation [8]. Since the shifts of  the 
water nuclei in the presence of  Mn 2÷ are small relative to the corresponding 
relaxation enhancements,  we can neglect the shift contribution and obtain the 
following approximate equation: 

1 /T  1 = l / T ~ +  p i / p o [ 1 / ( ~  ° + ri)] j = 1,2 (1) 

where 1/Tj = relaxtion rate in external water medium under exchange, 1/T~j = 
relaxation rate in external water medium wi thout  exchange, 1 / 4  ° = relaxation 
rate in internal water medium wi thout  exchange, Pi = water fraction of  internal 
medium, Po = water fraction of external medium and r I = mean lifetime of  
water inside the vesicles. The exchange rate, l / d ,  can be accurately determined 
when 1 / 4  ° > 1/r  i. In order to measure the fast kinetics of  water diffusion 
across membranes, 1 / 4  ° should be increased as much as possible. 1 / 4  ° for 
water nuclei in the presence of  Mn 2+ is given by [7] : 

1 / 4  ° = I/T~ °) + Pm/(Tlm + rm) j = 1,2 (2) 

where 1/T~ °> = relaxation rate in pure water, Pm ffi fraction of  water coordi- 
nated to Mn 2÷, rm = lifetime of  a water molecule in the hydrat ion sphere and 
1~Tim = relaxation rate of  water nuclei in the hydrat ion sphere. 1/T] ° can 
therefore be increased either by adding more Mn 2÷ into the internal medium 
and increasing Pro, or by' increasing 1~Tim. 1/Ttm , i.e., 1~Tim and 1/T2m are 
given by the Solomon-Bloembergen equations [9]: 

Ta 3Ta 6Ta ) 
1 / T ~  = ~ S iS  + 1) A1 1 + ( ~ ,  - -  ~ s )  ~ r l  + 1 + ~ .  + 1 + ( ~ ,  + ~ s )  2 r .  ~ 

+ I S ( S  + 1)A~ 1 ÷ (co,--COs) 2 r~ (3a) 

4 3ra ra 6T a 1/T2m = ~ S(S  + 1) A~ r .  + 1 + 2--------~ + + 
r, r ,  (co~ - COs) 2 rl  1 + COs2 r.2 

0- ) 
+ 1 + (CO, + COs) 2 rl  + I S (S  + 1) A~ r~ + 1 + CO~r~ (3b)  

where S = the magnitude of  the electron spin (S = 5/2), COx = precession fre- 
quency of  the nuclei, CO, = precession frequency of  the electrons, Al = the mag- 
ni tude of  the isotropic scalar part of  the nucleus electron hyperfine interaction 
tensor, A,  = magnitude of  the anisotropic dipolar part and ri and r ,  = correla- 
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tion times given by:  

ri -1 = r~  1 + T ~  

r .  = r i l  + r;1 

where r,  is the  correlation t ime for the rotat ion of  the hydrated complex,  T1, is 
the longitudinal electronic relaxation t ime and rm was previously defined. 

For  Mn 2÷ • 6 H20, r, is equal to 3 • 10 -11 s [10].  rm was determined to be 
approx. 3 • 10 -s s [7,10,11].T1,  ranges from 1 • 10 -v to 1 • 10 -s s depending on 
the field [12].  The dipolar coefficient,  Aa = g~'y~/r 3, is in the range of  2 • 107 
rad/s (r = 2.8 ~ for 1H and 8 • 106 rad/s (r = 2.2 ~ for 170. The scalar interac- 
tion coefficient,  A | ,  is 3.8 • 1 0  6 rad/s for 1H [10] and 2.8 • 10 s rad/s for 170 
[11].  Thus, at  both  fields used in our measurements (65 kG for IH and 21 kG 
for 170) we have: oJ~r~ > >  w2r2s a > >  1 and ¢olar,2 < <  1, so that  Eqns. 3a and 3b 
can be simplified to the following approximate  equations: 

1/T1 m _ 2 S(S  + 1) A~r~ (4a) --g 

1 / T ~  = ~ S(S  + 1) A:,r~ + ~ S(S  + 1) A~ri (4b) 

The scalar term is larger than the dipolar one for both  IH and ~70, therefore,  
1/T2m > 1/Tim, and T: studies provide data for  a larger kinetic range than TI 
measurements.  Since the scalar term of 170 is larger by  abou t  two orders of  
magnitude than that  of  1H, the advantage in following the T: relaxation of  1~O 
is obvious. Thus, it is possible to extend the kinetic range using moderate  Mn 2÷ 
concentrat ions by  measuring Ta relaxation of  170. 

The diffusion rate of  the water  is related to the permeability,  P, by:  

P = VIA ( l l r  ~) (5) 

where V = inner volume of  the vesicles and A = surface area of  the vesicles. For 
spherical vesicles with radius r, Eqn. 5 reduces to:  

P = -}r(1/r l) (6) 

Results and Interpretat ion 

The variation with temperature  of  the 1H and 170 relaxation rates of  water  
nuclei in a suspension of  egg phosphatidylcholine vesicles, containing excess 
intervesicular Mn 2÷, is shown in Fig. 1. 

As previously discussed, the 170 relaxation rate (l /T2) is much faster than 
that  of  IH in the presence of  the same Mn 2+ concentration.  In our system, the 
diffusion exchange rate across the membrane  (1 /d )  was slower than 1/T~°(170), 
bu t  was of  the same order of  magnitude as 1/T~°(IH). Thus, the 1H data were 
analyzed according to Eqn. 1 while the 170 results were analyzed using the fol- 
lowing approximat ion : 1 / r  j < <  1/T~ °, which led to the simplified equation:  

1/7'2 = 1/T~2 + p i /po(1 / r  l) (7) 

1/T~2 was determined by  measuring the relaxation in a control  solution identical 
in composi t ion to the external medium of  the vesicles (see Experimental proce- 
dure). Pi and Po were calculated from the lipid concentrat ion and the partial 
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specific volume of  the vesicles [13]. I/T~2(1H) was found to be very small rela- 
tive to the measured 1/T2 in the vesicles (less than 4%) and could therefore be 
neglected. 1 / ~ ( I H )  was found to be approx. 30% of  the measured longitudinal 
rate in the vesicles and was therefore taken into account in the calculations. In 
order to analyze the IH data, the value of  the relaxation rate ( 1 / 4  °) had to be 
determined. This could be calculated from the data obtained in the fast- 
exchange region, where 1 / 4  ° < <  1/~ t. In this region, Eqn. 1 can be approxi- 
mated according to: 

IlT~ = 117 + p i / p o ( l l 4  °)  j = 1,2 (8) 

Based on previous measurements of the behaviouz with temperature of the 'H 
relaxation of water in Mn 2. solutions [14],  it was possible to assume a linear 
Arrhenius behaviour for the 1H relaxation of the inner water nuclei in our sys- 
tem. Thus, by extrapolation from the fast~xchange region (broken lines in 
Fig. 1) we could determine 1 / 4  ° over the entire temperature range studied. 
The temperature-dependence of the calculated exchange rates is plotted in 
Fig. 2. Rates between 40 ° and 65°C were calculated from 170 data, while rates 
between 0 ° and 20°C were determined from IH data. The activation energy of 
10.5 kcal/mol remained constant throughout the entire temperature range 
studied (Fig. 3). 

The temperatureKlependence of 170 and ~H transverse relaxation rates of the 
water nuclei in a suspension of dipalmitoyl phosphatidylcholine vesicles con- 
taining excess intervesicular Mn 2. is presented in Fig. 4.1/~T~2 for both 17 O and 
IH was determined as for the egg phosphatidylcholine suspensions. At about 
40°C there is a conspicious change in the shape of the curve, which does not 
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Fig. 2. Temperature -dependence  o f  1 H a n d  1 7 0  lon40tumn=l  ( 1 / T  1 ) and transverse (1 /T2  ) re laxat ion  rotes 
in • vesicular suspens /on  of  eJ4~ phosphat idy l cho l ine .  Ves ic les  prepared wi th  50 mM MnC12 after dialys is  
(A); 50 mM MnC12 so lu t ion  after dialys is  (~);  ves ic les  prepared wi th  90  m M  MnC12 after dialys is  (X,  o). 

Fig. 3. Tempera ture -dependence  o f  d i f fus ion  exchange  rates across  egg p h o | p h a t i d y l c h o l i n e  vesicles.  
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Fig. 4. Temperature-dependence  of  I H a n d  17 O transverse re laxat ion  rate ( 1 / T  2 ) in  • ves icu la r  suspension 
of  d ipalmitoyl  phospimtidy |chol ine .  Vmdcles prepared with 60 m M  MnCI 2 after dialysis (o ) ;  60 mM 
MnCI 2 solut ion after dialyl /s  (o);  vesicles prepared with 90  mM MnCI 2 after dialysis (+). 

Fig. 6. Temperature-dependence  of  diffusion exchange  rates across d ipalmitoyl  phosphat idylchol ine  
vesicles. 1 7 0 d a t a  ( e ) ;  1H d a t a  (+ ) .  

occur for egg phosphatidylcholine vesicles (Fig. 1). This change is more pro- 
nounced in the curve representing the temperature<lependence o f  the diffusion 
exchange rate ( 1 / ~ )  in Fig. 5. A sharp reduction in the rate (by about  a factor 
of  3) occurs from 40  ° to 37°C with a concomitant  large increase in the activa- 
tion energy. It is known that at this temperature range dipalmitoyl phosphati- 
dylcholine membranes undergo a liquid crystalline-gel phase transition [ 15] .  

Discussion 

Previous measurements o f  water permeability coefficients across lipid model  
bilayers as well as our results are summarized in Table I. There is a good agree- 

T A B L E  I 

W A T E R  P E R M E A B I L I T Y  A N D  A C T I V A T I O N  E N E R G Y  F O R  D I F F U S I O N  A C R O S S  LIPID MEM- 
B R A N E S  

L ip id  Temper-  10  s X P E a Method 
ature ( cml s )  ( k c a l h n o l )  
~c)  

Egg phosphat idy lchol lne  36  4 .2  
26 2.4 

26  2.9 10 .5  

D ip - |mt toy l  25 0 . 3 0  15  
phosphat /dylchoHne 44  1.6 

26 0 . 3 4  19.3  
4 6  7.2 7.2 

Gel phase 24 .9  
Liquid C~st~lllne phase 8.6 

tritiated water  across l ip id  f i lms  [17 ]  

NMR (I 7 0 ,  I H )  ' ves/cles,  this w o r k  

NMR ( I H ) ,  vesicles  [5 ]  

NMR ( 1 7 0 ,  IH) ,  ve l /c les ,  th i s  w o r k  

osmot ic  shrinkage of  mult l iayered 
l iposomes  [1]  
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ment between the permeabilities obtained by the NMR and tritiated water 
exchange methods as well as between the two NMR results for dipalmitoyl 
phosphatidylcholine in the gel state (25°C). However, for dipalmitoyl phos- 
phatidylcholine in the liquid crystalline phase (45°C), the permeability deter- 
mined by us, using ~70 relaxation measurements, is larger by a factor of 
approx. 4 than that determined by Andrasko and Forsen [5] using ~H relaxa- 
tion data. It should be noted that in the liquid crystalline phase, the 1H relaxa- 
tion is confined to the so~alled 'fastmxchange' limit in which the contribution 
of the exchange term to the relaxation is rather negligible. However, the 170 
relaxation in this phase is in the 'slow exchange' limit and is dominated by the 
water exchange rate. It is therefore suggested that for the liquid crystalline 
phase, the permeabilities determined in our work from ~70 measurements are 
more accurate. 

The NMR data for the activation energies for water diffusion above and 
below the phase transition of dipalmitoyl phosphatidylcholine membranes are 
in close agreement with those obtained by the osmotic shrinkage method [16]. 
This is to be expected in view of the findings of Finkelstein and Cass [17] that 
the water osmotic permeability and the tagged water permeability are the same. 

A general mechanism for the permeation of water and small non,electrolytes 
across lipid membranes is provided by the solubility diffusion model of Dia- 
mond et al. [18]. These authors derived an expression for the permeability 
coefficient, Pj, of a permeating species, j, in terms of the interfacial resistances, 
r~ and ~', the partition coefficient, Ks(x), the diffusion coefficient, Dj(x), and 
the membrane thickness, Xo, taking the plane of the membrane perpendicular 
to the x-axis: 

x o  

Pj = rj + f dx/Kj(x) Dj(x) + r~' (9) 
0 

both K s and Dj are likely to be a function of position. Assuming that the inter- 
facial resistances are small and that Ks(x) and D~(x) can be approximated by 
average values K and D, Eqn. 4 can be simplified to: 

Pj = gD/xo (10) 

It is possible to check whether Eqn. 5 provides a good estimate for water per- 
meability coefficients, as previously suggested by Finkeistein and Cass [ 17 ]. We 
assume that the rate-limiting barrier for water permeation is provided by the 
diffusion across the bflayer and that solubility and diffusion of water in the 
bilayer interior and in a bulk hydrocarbon are similar. In Table II the measured 
P values are compared with values for KD/xo in hexadecane using Schatzberg's 
data for K and D [19] and xo is 40/~ [20]. It is clear that for the egg phospha- 
tidylcholine membranes the ratio between the measured and the calculated per- 
meabilities is rather close to 1 and is constant over the temperature range stu- 
died. This suggests that our previous assumptions were valid and that water dif- 
fuses across lipid membranes in the liquid crystalline phase according to a me- 
chanism similar to the diffusion in fluid hydrocarbons. 

For the dipalmitoyl phosphatidylcholine lipid bflayers in the liquid crystal- 
line phase the ratio between the measured and the calculated permeability is 
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T A B L E  n 

M E A S U R E D  A N D  C A L C U L A T E D  W A T E R  P E R M E A B I L I T I E S  

Peale. = KD/x o in  H e x a d e e a n e .  K, D [ 1 9 ]  x o = 4 0  A [ 2 0 ] .  

T e m p e r a t u r e  (°C) 

26 30 35  40 4 2  

Pcldc .  X 1 0 3  ( eml s )  4 .8  6 .0  7 .9  1 0 . 7  14 .2  
P/Pei.lc., egg  p h o l p h a t i d y l c h o l l n e  0.6"/  0 . 6 7  0 . 6 6  0 . 6 8  0 . 6 2  
P/Pcalc., d l p a l m i t o y l  p h o s p h a t i d y l c h o l l n e  0 . 0 8  0 , 1 0  0 . 1 3  0 . 2 4  0 . 5 1  

still close to 1, although somewhat smaller than that obtained for egg phos- 
phatidylcholine at the same temperature. This difference may be due to the 
presence of unsaturated chains in the latter lipid. However, a marked decrease 
in the above ratio is observed through the lipid phase transition and in the gel 
phase. This behaviour suggests that the similarity to the diffusion in hydrocar- 
bon fluids does not hold as the lipids undergo a phase transition to the gel 
phase and that lipid order and motional freedom determine the kinetics of 
water diffusion across lipid membranes. Similar conclusions are derived from 
the difference in the activation energy in both phases. 
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I 0  

TEMP.(°C) 
60.3 49.6 59.5 30.0 A d 

,~ I ' I I 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  C O"  

c"z'°'~°4c~cM3 3: 
0 

5 n Ol " 

• /=o.~o ''''-r- - 

P-O-CH 2- -_CH2-N B f  

o o ° / / t -  
0 . 5  

o.~ 1 I I 
3.0 3.1 3.2 3.3 

I 0 3 / T ,  K -  m 

Fill. 6.  T e m p e r a t u r e - d e p e n d e n c e  o f  t h e  ! 3C i p l n  l a t t i c e  r e l a x a t i o n  r a t e s  (1 /T  I ) o f  d ~ l l n ' s l t o y ]  p h o s p h l t i -  
d y l e h o l i n e  v e l l c l u .  M e a s u z e m e n t s  w e r e  p e r f o r m e d  a t  6 7 . 6 9  MHz u s i n g  t h e  i n v e r s i o n  r e c o v e r y  m e t h o d .  
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In order to correlate the changes in permeability with changes in the lipid 
dynamics at the phase transition, we have measured the temperature depen- 
dence of the 13C Tz relaxation rates through the phase transition. It was 
previously shown that 13C T~ relaxation of  lipid membranes is determined by 
the segmental reorientation of  the CH2 fragments of  the lipid molecules, for 
example by ~ o u p l e d  gauche isomerization ('kink' formation) [21].  The 
results in Fig. 6 for part of  the carbons clearly indicate that changes in TI 
through the phase transition are about the same order of magnitude as the 
change in water permeability. This comparison lends support to the preposition 
of Traiible [22] that water diffusion across membranes is associated with the 
fast segmental motion of the lipids and the formation of mobile kinks. 
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