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The motional properties of the inner and outer menolayer hendgroulu of egg iNtesph=ti~'!chofiw, (PC) small 
unilamellar vesicles (SUV) were inrestipted by 31P.NMR temperature.dependent spin.lattice relaxation time 
constant (Tv) and st p~ H} nuclear Overbuuser effect (NOE) analyses. Three different aspects of the dynamics of PC 
he~dgroups were investJpted using the Tj analysis. First, differences in the dynamics of the headlgroup rqlina of 
koth surfaces of the SUV were measured after application ofn chemical shift reagent, PrCI~, to either the extra- or 
intravesiculnr volumes. Second, the ability of the T t experiment to resolve the different motional states was 
evaluated in the absence of shift reagent. Third, comparison between condation times obtained from a resemmce 
frequency dependent Stp{tH) NOE analysis allowed a determinatiou of the aplalicability of n simplified motimml 
model to describe IdmSldmms dipolar reiaxotiou. Teml~,roture-del~'adent 3tp-NMR T t values obtained for the 
individual monelayere at 81.0 and 162.0 MHz were medeiled assumiq  that tdmsldwru underge¢~ beth a dilmlm" 
and an anisotropk chemical shielding rdaxatJon mechanism, each being described by the same correlation time, 5". 
At 162.0 MHz, the position of the T t minimum for the inner monola3~r was 9 ° hither than tkat of the outer regina, 
indicating a higher level of motioual restriction for the inner leaflet, in agreement with ~j PpH} NOE measurements. 
The 162.0 MHz T t profile of the combined SUV monol~ers exhibited a smooth minimum located at the midpeiat of 
the :nonolnyer minima positions, effediveiy masidall the presence of the indbMual surfaces. 3~P{IH} NOE results 
obtained at 32.3, 81.0 and 162.8 MHz did not alp're with the~  lSredkted from a simple dipolar relaxation mmlei. 
These results suggest a Tt4emperature method can neither discriminate two or more closely related motiomd time 
scales in a heterogeneous environment (such as incorporation of protein into lipid bilayers) nor allow accurate 
determination of the correlation time at the pmitJou of the minimum when the dipolar relaxation rate makes a 
significant contribution to the overall rate. 

Introduction 

31p-NMR spln-lattlce relaxation time (7"]) determi- 
nations have provided considerable insight into the 
dynamic behaviour of the phosphorus moiety of phos- 
~holipid headgroups. Single-temperature T z measure- 
ments have proved useful in qualitative determinations 
of the effects which various reconstituted or mere- 
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brahe-soluble proteins have on lipid headgroups [1-5], 
and also in comparisons between the individual mono- 
layers which constitute small unilamellar vesicles (SUV) 
[6]. More detailed temperature-dependent 3tP-NMR 
T t examinations [7-13] have elicited much interest 
since a minimum relaxation time constant was ob- 
served in all case~. This finding allows estimation of 
the rates of the dominant motions that are present at 
the temperature where the minimum occurs because 
this is the region where the spectral density function 
for the phosphorus is the greatest. Furthermore, semi- 
quantitative information on the motional rates could 
be obtained since at the position of the minimum, for 
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the relaxation mechanisms involved the correlation 
time, 'r, is on the order of the inverse of the Larmor 
re~nanee frequency, ~o; i.e., ~o¢ = 1. 

This relationship is, however, only approximate since 
more exact determination of the relationship of emi. to 
ca requires a knowledge of the individual relaxation 
mcchanisms, and the types of motions responsible for 
generating the relaxation. At the elevated magnetic 
field strengths that are required to obtain a phospho- 
lipid T I minimum at a temperature greater than 0°C, 
two processes are respoasible for the observed relax- 
ation rate, the dipole-dipole (T~:~o), and chem!cal 
shielding anisotropy (TI.cl.SA) fates [I0]. Since the latter 
process is proportional to the magnetic resonance fre- 
quency employed, elucidation of the individual rates 
can be obtained from data gathered at a number of 
different frequencies. Fitting of these data to an appro- 
priate relaxation model yields a value for 'rm~ .. 

Since only a single minimum has been found for 
phospholipid dispersions, a model has been employed 
in which it is assumed that the phosphorus headgroup 
undergoes a single unrestricted isotropic motion [7-14]. 
~1 tie'~'mi., valucg obtained by this procedure probably 
represent an average of interactions, since it is kn6"~','~. 
that the relaxation of phosphorus is much more com- 
plex than depictcd in this model. For instance, Milburn 
and Jeffrey [14] have shown that there is a dependence 
of ~hc 31P-~'~MR T I time constants at elevated reso- 
nance frequencies on the angle between the magnetic 
field and the bilaycr in oriented multilaycrs, reflecting 
the anisotropic nature of the phosphorus motion. At 
least three different contributions are believed to he 
important in the dipolar relaxation of the 31p nucleus, 
including an intramolecular interaction from the 
choline methylene protons, an intcrmolecular interac- 
tion with the choline N-methyl protons [15-18] and 
contributions from the 1t20 protons [I I]. 

One of the major advantages often cited for employ- 
ing a Tctempcrature analysis is that information can 
be obtained regarding the effect of perturbant 
molecules (such as proteir, s, different lipids, and 
steroids) by monitoring tile change in the position of 
the minimum [7-0,13]. However, conclusions regarding 
any movement in the position of the minimum must be 
treated cautiously since it. heterogeneous dispersions 
there may be more than one distinct lipid environment. 
For instance, it has been suggested that the lipid that is 
in contact with a protein may experience some immobi- 
lization [5]. No studies have yet reported differences in 
Tmi n for the same phospholipid existing in two well- 
characterized environments. 

In this study, a comprehensive analysis of phospha- 
tidylcholinc (PC) headgroup 3EP-NMR spin-lattice re- 
laxation hehaviour has been performed. To avoid the 
uncertainties associated with an examination of ill-de- 
fined lipid environments in proteinaccous multi- 

lamellar systems, SUV have been employed. In these 
structures, the intense surface curvature causes the 
inner and outer halves (the individual monolayers mak- 
ing up the bilayer) to become highly asymmetric with 
respect to molecular packing [19-22], resulting in dif- 
ferences in the conformations and dynamic behaviour. 
3aP-NMR temperature-dependent T I measurements 
were performed at two different resonant frequencies 
for each monolayer making up the SUV in order to 
isolate the relative contributions of the DD and CSA 
relaxation mechanisms, thereby enabling emln to be 
determined. Relative contributions of DD and CSA 
rates to overall relaxation rates determined from T I 
measurements did not correlate with "np{~H} NOE 
results, indicating that a simple motional model for 
DD relaxation yields inaccurate estimations for ¢ val- 
ues. Finally, a Tt-temperature analysis of the combined 
monolayers revealed only a single minimum where two 
were known to exist (one for each monolayer), implying 
that lipids existing in different environments can easily 
be mistaken for a homogenous type. 

Materials and Methods 

Lyophilized egg L-a*phosphatidylcholine was ob- 
tained from Avanti Polar Lipids and PrCI 3 from Alfa 
Division. To prepare the SUV the lipid (up to 1 g) was 
dissolved in methanol and the solvent evaporated using 
a rotary evaporator, leaving a thin lipid film which was 
then exposed to a nitrogen stream until dry. This film 
was dissolved in I0 mM Hopes buffer (I{Xl mg l ipid/ml)  
and the solution adjusted to pH 7.3. To those solutions 
to which PrCI~ was added the pH was slightly acidic by 
0.2 units. To avoid auto-oxidation and chemical degra- 
dation solutions were kept under nitrogen and stored 
in the dark at 5°C for up to 24 h before use. 

A Vibra Cell Sonicator (Sonics Materials Inc.) 
equipped with a titanium probe tip was used to pre- 
parc the SUV. Sample volumes (5 ± 2 ml) required 60 
rain at a power setting of 3.5 to obtain a clear blue 
opalescent solution. Nitrogen was bubbled into the 
sample during the procedure and a cold water jacket 
was used !o prevent heating. After preparation, the 
sample was centrifuged for 30 rain at 20000 rpm at 
15°C to remove any multilamellar components. Vesicle 
samples were scaled tinder a nitrogen atmosphere and 
kept in the dark for no more than 24 h before use. Gel 
filtration employing a 2.5 × 50 cm column packed with 
Sephacryl S-IlK}0 get (Pharmacia, Montreal) yielded a 
profile in which the major component was skewed 
towards smaller sizes. Quasiclastic laser light scattering 
of the fraction located at the peak of the profile 
yielded SUV diameters of 58 + I nm. 

To isolate the inner monolayer resonance, I mM 
PrCI~ was added to the solution. To isolate the outer 
monolayer resonance 1 mM PrCI 3 was added to the 
multilamcllar dispersion before sonication. After this 



procedure, the extra-vesicular chemical shift reagent 
was removed through passage of a 2.5 x 50 cm column 
packed with Sephadex G-25-50 gel (Pharmacia, Mon- 
treal), pretreated with lipid [19]. 

s°P-nuclear magnetic resonance experiments were 
performed at three resonaal frequencics: 32.3 MHz 
(Bruker WP-80). 81.0 MHz (Varian XL-200) and 162.0 
MHz (Brnker WH-400), all in !0 mm sample tube 
sizes. 3np-NMR spin-lattice relaxation time constant 
(T t) measurements were carried out by the ~aversion 
recovery method and a minimum of thirteen different 
delay values was employed for all measurements. At 
81.0 MFiz. T n values were obtained from a non-linear 
least-squares fit to 

s, = s~(I-2e ,/r,) (I) 

where S~ is the thermal magnetization value and S, is 
the magnetization value for that particular t value 
employed. At 32.3 and 162.0 MHz T n values were 
calculated from the slope of a plot of In(S=-S t) vs. t. 
At 25°C typically the number of scans for each delay 
was set to 100 at 32.3 MHz, 40 at 81.0 MHz and to 48 
at 162.0 MHz. At lower temperatures it was necessary 
to increase this number while at higher temperatures 
the value was usually less. Pulse width (2w) determina- 
tions were made for every temperature or sample 
change that was performed. Since long 7", experiments 
are particularly sensitive to long-term changes in mag- 
net homogeneity, short and long t values were alter- 
nated or interleaved. 

Two methods were used to measure the 3'P{°H} 
NOE's. In one, the broadband OH deconpler was on all 
the time and the signal was compared to the ~tP 
spectrum obtained with the decoupler gated on only 
during acquisition of the .Xip signal [23,24]. Alterna- 
tively, the proton dccoupler was turned off immedi- 
ately before the 31 p excitation poise and was restored 
just after the ~ P  receiver had finished acquiring the 
free induction decay signal [25,26]. This signal was 
compared with the .~Lp spectrum obtained without pro- 
ton decoupling. Pulse intervals of at least 5 T, follow- 
ing data acquisition were used for both procedures. 
Peak areas were evaluated using a i~lanimcter or by 
cutting and weighing copies of the spectra. The magni- 
tudes of the NOE's are reported as percentages with 
124% the maximum possible enhancement. 

Results 

Ti.temperature experiments 
The inner and outer monolayer "~'P-NMR reso- 

nances of the PC SUV were not well resolved at any 
temperature to determine T, time constants at the 
chosen resonant frequencies (81.0 and 162.0 MHz). 
This necessitated the use of the chemical shift reagent, 
i mM PrCI3, which caused a downfield shift ( - -15 
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ppm) of the monolaycr to which it was exposed, thereby 
allowing measurements to be made on the other unaf- 
fected !caflct. Since this paramagnctic reagent c a u l s  a 
significant reduction in the spin-lattice r..laxation times 
it was necessary to ensure that no leakage of Pr 3+ 
occurred across the bilayer to the monolaycr of inter- 
est. Although numerous bilaycr vesicle studies which 
have employed tl-,is reagent report no leakage [6,27,28], 
all were performed at room temperature, not at the 
range that was required in this study. To complex any 
free Pr s+ ions, I mM EDTA was added to the appro- 
priate side of the vesicle [15]. Several lines of evidence 
suggest that unwanted contact between the hcadgroups 
and the Pr 3+ ions did not occur: 

(i) the chemical shift difference between shifted and 
unshifted 30p monolayer resonances, which varies as a 
function of concentration [28], did not vary as a func- 
tion of temperature, 

(it) integration of the two resonance peaks did not 
vary with temperature, 

(iii) linewidths continually narrowed as higher tem- 
peratures were employed, which would not result if 
Pr "~'* leakage had occurred, 

(iv) Tj measurements dctcrmiac,~ after a scrics of 
high or low temperatures were no ditfcrcnt than pro- 
experiment controls at room temperature. 

The 3nP-NMR T0 relaxation profiles for the inner 
and outer monolayers of the SUV samples measured at 
81.0 and 162.0 MHz are shown in Fig. I (along with the 
cufv~s generated by a fitting analysis, divulged in the 
next section). T o time constams were significantly 
higher at the lower magnetic resonance frequency for 
any one temperature on the high temperature region 
of the curves, This trend is consistent with the chemical 
shielding anisotropy mechanism making a contribution 
to the overall relaxation process, at least for 'he T 0 
time constants determined at 162.0 MHz [I0]. Dipolar 
relaxation predicts similar T 0 values for both frequen- 
cies on the high temperature side of the minimum. 
Thus, determinations of the correlation times for the 
phosphorus motion from the 162.0 MHz T I data have 
to take into account that both dipolar and chemical 
shielding anisotropy relaxation mechanisms exist. The 
T 0 time constants measured at 32.3 MHz at 25°C (not 
shown) were also higher than those measured at the 
nigher frequencies, indicating that at 81.0 MHz a 
chemical shielding anisotropy term must also be in- 
voked to adcquatc|y describe the relaxation of the 
phosphorus. 

Fitting of the isotropic motional model to the Trtemper- 
ature data of the indit'idual SUV monolayers 

At the resonant frcquencics employed, the spin- 
lattice relaxation rate is given by 

I / T I.,w~rau ~ I / T I.DI~ + 1 / T I.¢-sA (2) 
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Fig. I. 31P-NMR spin-lattice relaxation limes measured at 81.0 and 
162.0 MHz for the chemically shifted inner (~.,) and outer (r3) 
monolayers of egg PC SUV as a function of temperature. The data 
has been fit to the sum of DD and CSA relaxation rates, assuming an 
isotropic nmtional model for each mechanism. The relaxation times 
for each monolayer are quite distinct at both resonant frequencies 
and the data is fit quite well using a single correlation time model. 

To  calculate these two terms,  it has been  simplistically 
assumed that  the phosphorus  moiety is undergoing 
isotropic rotational diffusion and can  be  model led  by a 
single correlat ion t ime, ~'. For  this situation the spec- 
tral density function, J(w) ,  is [29] 

3(w) = r ( I  + ~2p~.2 )-~ (3) 

where  cop is the resonant  f requency for the 31p reso- 
nance.  Assuming this type o f  interaction, this yields the  
function [30] 

I/TI.DD ffi (I/lO)K2r-~[Jo(cotl - ¢op)+ 3Jl(wp)+bJ2(o~ H ~" We)] 

(4) 

and [29] 

where  r represents  the .~l P - ' H  internuclear  distance, 
<art is the  resonant  f requency for the t H  r e m n a n c e ,  
K = hy~,p~/,tt and  Aor is the  residual chemical  shielding 
anisotropy. As  in the  study of  Milborn and Jeffrey [10], 
these lat ter  two values  were  pa rame te r s  de t e rmined  
f rom the data.  Finally, to de te rmine  the  value~ o f  the  
correlat ion t imes over  the  t empera tu re  rang¢~ exam- 
ined, it was assumed that  the mot ions  of  the  phospho-  
rus have an Arrhenius  dependence  with t empera tu re ,  
as given by 

In 'r i = In ~ . -  Ea/RT (6) 

where  ~'n is the correlat ion t ime at infinite t empera -  
ture,  E~ is the activation energy,  R is Bol tzmann 's  
constant  and T is the  t empera tu re  in degrees  Kelvin. 

Four  independent  pa rame te r s  were  used in fitting 
the T n versus  t empera tu re  curves (Table  !): (i) the  
te rm,  K 2 / l O r  ~, from Eqn. 4; (ii) the te rm,  0.3Act 2, 
f rom Eqn. 5 (which has been divided by w2p to elimi- 
na te  the  magnet ic  field s t rength dependence) ;  (iii) ~'o 
and (iv) E~, both f rom Eqn. 6. The  fitting procedure  
was based on the downhill simplex me thod  of  Nelder  
a n t  Mead  [31] for mult idimensional  minimization [32]. 

TABLE I 
Fitting parameters from 'P-NMR Tt-teml~rature data of the indiridual monolayers of egg PC SUV 

Re~nant Monolayer K"/lOr 6 0.3Act 2/~o~. ro E~/R 
frequency ( >'. 10 ~) ( x 10-~) (ft) 
(MHz) 

162.0 inner 1.35 + 0.05 134 + 0.01 3.13 + 0.22 3036 + 20 
outer 4.33 ~- 1.51 2. I 0 + 0.10 1.69 + 0.27 3123 + 45 

81.0 inner 1.10+0.03 1.88+0.04 1.10±0.12 3356:1:30 
outer 6.50 + 0.21 2.25 :t: 0.00 1.36 ± 0.06 3922 ± 11 
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Preparation Activation energy (kcai/moi) 
81.0 MHz 162.0 MHz 

SUV inner monolayer 6.67 ± 0.06 6.04 ± 0.1)4 
SUV outer monolayer 7.80:1:0.02 6.21 + 0,09 
DPPC micelles 3.54 + 0.05 3.05 ± 0.05 

Due to the uncertainty in the position of the T t min- 
ima for the 81.0 MHz data, the data obtained at each 
resonance frequency were fit to the rate equations 
independently. 

Of particular importance are tltt~ differences in the 
g 2 / l O r  * terms for the two monolayers because of the 
r dep,~ndence, and the Arrht:nins activation energies. 
Table !1 separately lists the calculated activation ener- 
gies along with those that were obtained for a PC 
system, dipalmitoylphosphatidylcholine (DPPC) mi- 
ceiles, in methanol, in organic solvents, PC molecules 
are believed to have a less hir, derad rotation than for 
the bilayer form [33], so this system allowed a compari- 
son to be made with the energies obtained for the 
monolayers from the fitting analysis. 

Each of the inner and outer monolayer T t versus 
temperature plots that were obtained at 81.0 and 162.0 
MHz were fit using these parameters. Fig. 1 indicates 
that an excellent fit to the data was generated at both 
resonant frequencies. At both field strengths it is clear 
that a distinctive well-defined minimum is present for 
each monolayer and, in addition, at 162.0 MHz there is 
a significant difference in the position of the two 
monolayers. 

Fitting o f  the isotropic motional model to the TT-temper- 
ature data for  the combined S U V  mor, olayers 

The T~-temparature curve for the combined mono- 
layers was determined in the absence of shift reagent 
(Fig. 2). At 162.0 MHz, the spectral shape was a single 
signal at all temperatures due to CSA broadening 
contributions of the linewidth [34,35]. Although it was 
shown that two minima exist (Fig. 1), the data obtained 
for the combined monolayers did not display this type 
of profile. Since the location of each minimum position 
could not be adequately resolved from the data, mod- 
elling was performed only in terms of a single correla- 
tion time. It is clear that a very good fit to the data was 
obtained by assuming that only a single minimum ex- 
ists, essentially hiding the dual nature of the relaxation 
profile. 

Fig. 3 compares the 162.0 MHz egg PC individual 
monolayer curves with the combined curve. From this 
comparison, i t  is evident how st:oh an effective masking 
of the two components could occur. The position of the 
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Fig. 2. Jsotropic dynamic model fitting to 3'P-NMR Tt-temperature 
data obtained at 162.0 MHz for ,'ombined .r.oeolayers of ~ PC 
SUV. The data fit quite well assuming only a single conelation time 

exists. 

minimum for the dual monolayers is located midway 
between that of the inner and outer minima positions. 
The combined system has a broader profile which 
essentially encompasses the total width of bol:h pro- 
files. 
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Fig. 3. Comparison of egg PC SUV monolaycr culvcs (light lines) 
w'th combined ntonolayer curve (bold line) obtained from fininp of 
the 162.0 MHz Trtemperature data. The combined cuvee displaYS a 
minimum at a position midway between that of the individual cunts 
and is sisnificantly broader, assentinlly as wk~ as the combinafiml of 

the two cuv~es. 
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~lp{ tH} Nuclear Overhauser effect enhancements o f  S U V  
monolayers 
3tp(tH} NOE experiments were initially pe,"formed at a 
relatively low magnetic resonant frequency, 32.3 MHz, 
for both monolayers. It has been shown by Yeagle et 
aL [15] that at this level relaxation of the phosphorus 
nucleus occurs predominantly by a dipolar mechanism. 
This is in principle a simpler method of comparing the 
phosphorus correlation time between monolayers since 
only one relaxation mechanism need be considered and 
there is no direct dependence of the NOE on the 
distance between dipolar coupled nuclei, as there is for 
the dipolar T t relaxation process. For the isotropic 
model, r can be calculated from observed NOE en- 
hancements (NOEE) 

NOEE 

f,~- ¢ 

y,i e [ T 3~" 6T ] 

[ I * ( ~ . - w l n ' T -  |.~ ~o~f- 1 + i,,,=t + o, p r r -  j 

(7) 

NOEE obtained for each svrfaee at 25°C and ealcu- 
lated ¢ values are given in Table I11. The NOEE 
calculated from Eqn. 7 is significantly higher for the 
oute~, monolayer, while the correlation time is shorter 
(1.24 ns) for this region compared to the inner surface 
value (1.63 ns). 

3tp[IH} NOEE were also measured at 8L0 and 
162.0 MHz (Table IV). The decreases seen with re- 
spect to the 32.3 MHz data are thc result o! two 
mechanisms, motioual attenuation of the dipolar mech- 
anism due to the extreme narrowing condition not 
holding under  these conditions for SUVs, and a de- 
cline in the dipolar relaxation contribution to the over- 
all rate (resulting from the increasing importaace of  
the CSA rate at these elevated frequencies). The rela- 
tive contribution of each of these terms to the observed 
decrease can be determined from the following equa- 
tion 

NOEE,,t,w~d = ( NOEEIh~,,,¢.ca I )(]"l-.t~l) / T~,/~-.an ) (8)  

TABLE III 

Calculated correlation times flora 32.3 MIt: .e/p{ t/H NOE enhance. 
ments ¢~f egg PC SUV itmer and tnJter monolayers at 25°C 

Parameter Inner Outer 
measured monolayer monolayer 
NOE 
enhancement 
( + 10~; ) 42 56 
% 
(ns) 1.63 1.24 

TABLE IV 

Obser~'ed cerstts predirted .tip[ tH} NOE enhmwements for inner and 
outer monolayers of egg PC SUV at 25°C 

Resonant Observed NOEE Predicted = NOEE 
frequency t+ 10%) (+ 10%) 

(MHz) inner outer inner outer 

81.0 21 31 14 19 
162.0 12 12 8 10 

Determined from Eqn. 7 by employing the ¢ values obtained from 
the 32.3 MHz NOEE given in Table III. Errors were assumed to 
be the same as for the obsat~ed enhancements. 

Measurement  of this decline in the N O E E  at higher 
resonance frequencies thus provides an alternative to 
the T t data fitting procedure for determining the rela- 
tive contributions of DD and CSA relaxation mecha- 
nisms to overall T t relaxation. 

The first step in elucidating the two contributions 
was to determine the NOE decrease solely in terms of  
the dipolar mechanism. Correlation times obtained ~t 
32.3 MHz (Table l i d  were used to predict N O E E  at 
81.0 and 162.0 MH= (Table IV). The predicted motion- 
ally a t tenuated values were ei ther within the experi- 
mental er ror  of the measurements or  less than those 
observed, indicating no contribution from CSA. Since 
much higher N O E E  were expected, this suggests that  
the correlation times obtained from the 32.3 MHz data  
should have been significantly shorter  than were calcu- 
lated, 

The source o f  the 31p{iH} N O E  in PC S U V  monolayers 
Previous 31 p{tH) N O E  studies on phospholipid vesi- 

cles have suggested that intra- and intermolecular .~tp- 
tH dipolar relaxation processes occur [15-18]. How- 
ever, these studies only examined the combined mono- 
layers in SUV and not the individual monolayers. To 
confirm that there is more than one interaction con- 
tributing to a dipolar relaxation mechanism for both 
monolayers, the "~tp[tH} N O E E  of SUV in which the 
N-methyl choline protons  of palmitoyl-oleoyI-PC 
(POPC) were substituted by deuterium (i.e., the termi- 
nus was (CD3)3-N+-POPC to give Tdg-POPC) were 
examined. Since substitution of  a proton by a deu- 
terium removes the 31p-tH dipolar cross-relaxation 
that is in part  necessary to generate an NOE,  it was 
expected that a declease in NOEE would be. observed 
if the N-methyl choline protons were contributing. 
Once again, the chemical shift reagent, PrCI3, was 
employed to isolate the monolayer of interest. Results 
from this analysis (Table V) show that there was a 
significant decrease in the enhancements upon deuter- 
ation for both the inner monolayer (from 21% to 12%) 
and outer  region (from 31% to 23%). This indicates 
that  the N-methyl choline protons do contribute to the 



TABLE V 
Comparison between 81.0 MHz "~lP{IH} NOE enhancements for 
yao-POPC and ep~ PC SUV monolayers at 2PC 

Preparation NOE enhancement ( + 10%) __ 
inner monolayer outer monola:,er 

Egg PC SUV 21 31 
ya.r POPC SUV 12 23 

31p{tH} NOE. Since an NOE still remains for both 
surfaces, there is an additional contribution to the 
dipolar relaxation process. 

Discussion 

"~IP-I~,MR T I measurements o f  P C  S U V  indit'idual mono-  
lay~'rs: relaxation rate equation fitting to data 

In this study, the two monolayers which make up 
SUV were investigated independently by a tempera- 
ture-dependent 3tP-NMR spin-lattice relaxation time 
analysis. The fact that a clear difference exists in the 
position of the T I minimum with respect to tempera- 
ture (at 162.0 MHz) allowed two different types of 
analyses to be performed. First, differences in the 
motional properties between monolayer headgroups 
were examined in a quantitative manner by fitting each 
of the monolayer T t data to DD and CSA relaxation 
rate equations. To describe these relaxation processes, 
it was assumed that the phosphorus moiety undergoes 
i~t ropic  reorientafion. 31 p{i H} NOE experiments were 
performed as ati independent measure of the relative 
contribution of the dipolar and chemical shielding 
anisotropte relaxation mechanisms to the overall T t 
relaxation. Comparison of the 1- values calculated from 
these two techniques ~l!owed a measure of the applica= 
bility of a simplified motional model to describe phos- 
phorus DD relaxation. Second, the ability of the T I 
experiment to resolve the different motional states was 
evaluated in the absence of shift reagent. 

The dependence of the T~ time constants on fre- 
quency at lugh temperature indicates that both DD 
and CSA relaxation rate equations are needed to ob- 
tain an estimation of ~'mi.. Table VI summarizes the 
relevant minima parameters obtained from the T t e x -  

TABLE VI 
SUV JtP.NMR Tt-temperature minima parameter~ 

Frequency Mono|ayer Tmi n Ti.mm Tempm m 
(MHz) (ns) (s) (~C) 

162.0 inner 1.0 0.90 20.5 
outer 1.0 0.88 11.5 

81.0 inner 1.9 1.19 5.5 
outer 1.9 1.27 4.0 
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periments and the fitting ot P-,qn. z to this data. For 
each re,~ma,lt frequency, the ~'m~, is the same for both 
surfaces. This was expected since at the minimum, 
WTmi n = l, SO Tmi . is only a [unction of the reSOnant 
frequency employed. The temperature corresponding 
to the minimum spin-lattice relaxation time is signifi- 
cantly higher (9.0°C) for the inner monolayer compared 
to the outer leaflet. This implies that the inner surface 
phosphorus has an increased spectral density of lower 
frequency motions compared to the outer monolay.er. 
The time-scale of the molecular motion of the PC 
molecule is too slow to cause effective spin-lattice 
relaxation at the magnetic field strengths employed [36] 
so this observation likely reflects differences in the 
segmental motions of the headgroup [10]. This con- 
firms the proposal made in previous theoretical [19-22] 
and experimental [6] studies that the inner region 
phosvhorus undergoes slower and therefore more re- 
stricted motions on average compared to the outer 
surface. 

The displacement of the T t minima tOWar-Js lower 
temperatures at the lower resonant frequc~c'y em- 
ployed (81.0 MHz) is due not only to the dependence 
of the dipolar relaxation rate on Wp (Eqn. 4) but alSO 
to chemical shielding anisotropy. As a result of the 
field dependence of CSA, the relative contribution of 
the T~./A term to the overall rate in Eqn. 2 differs at 
81.0 and 162.0 MHz. The relationship between o~ e and 
¢ at the minimum differs between the DD and CSA 
relaxation mechanisms. Thus, different relative contri- 
butions of each relaxation mechanism alter the posi- 
tion of the minimum. 

There are a number of differences between the 
fitting parameters generated from the 81.0 and 162.0 
MHz data. Table V! indicates that the position of the 
minima for the inner monolayer changeg by 15 ° in 
going from one resonance frequency to the other but 
changes only by 7.5 ° for the outer monolayer. This may 
be partly due to the change in the efficiency of CSA 
relaxation between the two field strengths employed, 
but it is most likely due to the lack of data near the 
minimum region (at 81.0 MHz), making accurate as- 
signment difficult. The uncertainty in the position of 
the minimum at 81.0 MHz is also probably resoons,.'ble 
for the activation energies determined at this fie- 
quency being significantly higher than those deter- 
mined from the 162.0 MHz data. 

E~ values determined from the 162.0 MHz data are 
quite similar, implying that the movement of the T I 
minimum may be a much more sensitive indicator of 
the differences in headgroup too[tonal propertees. For 
PC systems in which there are greater diff:~rences, 
tboug~k, the activation energies do follow the expected 
trend. Comparison with Ea values for methanol shows 
the expected change since these values are lower than 
that of either monolayer (Table II); in solution the 
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micelles exist in trimer form [33] and are therefore not 
subject to the motional restrictions that exist in the 
monolayer. Ghosh [I 2] has examined phospholipid "~ P- 
NMR activation energies as a function of spacing be- 
tween headgroups created by introduction of choles- 
terol and found that these values followed the expected 
trend by decreasing as the intermolecular distance 
incrcased. The KZ/ lOr  6 term determined from the 
fitting analysis provides a measure of the distance 
between the phosphorus and a dipolar coupled proton. 
The actual r values obtained from this type of proce- 
dure arc subject to considerable uncertainty since more 
than one proton is involved and the ~IP(IH) NOE 
results (Table IV) reveal that at least two sources of 
protons contribute to phosphorus dipolar relaxation 
exist. I f  it is assumed that the dipolar relaxation of the 
"~=P nucleus is dominated by the interaction with its 
nearest neighbor, then the r value obtained will repre- 
sent the weighted average of ti=t: distances involved. 
One interesting comparison that can be made is the 
ratio of the outer : inner  r value, which is significantly 
greater than unity (21% and 35% higher as determined 
at 162.0 and 81.0 MHz, respectively). This implies that 
differences do exist in the average distance between 
dipolar coupled =H-3EP nuclei in the inner and outer 
monolayer surface. If this is a reflection of the greater 
separation that is believed to exist between outer 
monolayer headgroups, this would imply that processes 
other than intermolecular dipolar proton-phosphorus 
interactions do not differ appreciably for the two sur- 
faces. 

31P-NMR T I measuremems of PC SUV combined mono- 
layers 

A single minimum at 162.0 MHz was observed for 
the SUV samples to which no shift reagent was added, 
located close to the midpoint of the position of the 
separated monolayers (Fig. 2). The curve for the com- 
bined ~ystem is essentially a huear combination of the 
two individual curves, indicating that the overall relax- 
ation rate represents the sum of the relaxation rates of 
the monolayers. On the high temperature side of the 
minimum the inner surface relaxation rates domipates, 
while on the low temperatvre side the outer monolaycr 
has the most efficient phosphorus relaxation. Thus, the 
effect of more than one interaction contributing to the 
relaxation of the 31p nucleus is to broaden the T t 
minimum observed. Although the amplitudes of T= 
values at the minimum of the individual monolayers 
are quite similar, the amplitude of the combined mono- 
layers is less than the both of them (Fig. 3). Since one 
would not expect any differences between these two 
forms, this is most likely due to fitting to two partially 
overlapping minima; i.e., the combined SUV data has a 
broader minimum and this may alter the amplitude of 
the minimum. 

Since a distinctive minimum clearly does exist for 
each monoiayer at 162.0 MHz, this impiies the pres- 
ence of two components may not be detectable in a 
Ti-temperature analysis. This finding has importm~t 
repercussions for Ti-temperaturc analyses of lipid-pro- 
tein dispersions or for any other dispersion in which it 
may be believed that more than one dynamically differ- 
ent lipid component exists. The presence of a single 
mimimum may in fact represent a distribution of closely 
related correlation times so this method can not be 
used to prove that only a single environment exists. 

++IP{IH} NOE enhancements of PC SUV indit'idual 
monolayers 

The a~p[~H} nuclear Overhauser effect enhance- 
ments for the outer surface (56 + 10%) is greater than 
the value obtained for the inner region (42 =[: 10%). 
From Eqn. 7, this yields a longer correlation time for 
the inner phosphorus (1.63 ns) compared to the outer 
one (I.24 ns). Since the NOE depends only on the ~" 
value for the phosphorus this confirms that the motion 
of the inner phosphorus is hindered to some degree, in 

ag reemen t  with the conclusion reached from the T 1 
relaxation data. 

These correlation times were used to predict the 
3+p{i H) NOE enhancements that should be seen at the 
two other resonant frequencies employed in this study, 
81.0 and 162.0 MHz, if a dipolar relaxation mechanism 
were solely operative. Eqn. 7 was used so these pre- 
dicted values (Table IV) are based solely on a dipolar 
relaxation mechanism. There is a decrease in the pre- 
dicted NOE values at 81,0 MHz and again at 162.0 
MHz compared to those at 32.0 MHz and this can be 
compensated for exclusively by the change in O~p in 
Eqn. 7. These values are within experimental error of 
the measurements or are less than those observed. This 
was an unexpected result because it is known that CSA 
relaxation is important at these higher frequencies. 
This would cause, an att¢~uation of the NOE (Eqn. 8) 
so the NOEE predicted solely from a dipolar relax- 
ation mechanism should have been significantly larger 
than those observed. In fact, from the fitting procedure 
of the relaxation data, the NOEE predicted from Eqn. 
7 should be 54% and 69% greater at 81.0 MHz and 
80% and 93% greater ~t 162.0 MHz than the observed 
NOEE for the outer and inner surfaces, respectively. 
The fact that a CSA relaxation mechanism does no:. 
need to be invoked to account for the measured NOEE 
when one clearly does exist implies that the DD relax- 
ation model is incorrect. Since the same spectral den- 
sity function (Eqn. 3) is used in both the "~IP[~H} NOE 
and Ti.Do expressions, this in turn implies that the 
correlation times derived from the fitting of the relax- 
ation rate equations to the T I data are also inaccurate, 
at least at 81.0 MHz where the DD rate forms a 
significant contribution to the overall rate. 



The most likely cause of this discrepancy is the use 
of a single correlation time model since there are a 
number  of interactions which play a role in the relax- 
ation of the phosphorus nucleus. The headgroup N- 
methyl choline protons are involved in a dipolar relax- 
ation mechanism for beth surfaces, based upon the 
observation that there is a decrease in the enhance- 
ments from the respective non-deuterated monolayers 
of 43% and 26% for the inner and outer  monolayers, 
respectively (Table V). A conclusion regarding this 
difference in relative decreases observed can not be 
made with any certainty, though, since the absolute 
intensities of  these enhancements  is ra ther  small, being 
in the range of only 10-20% of  the theoretical maxi- 
mum. The remaining NOE enhancement  may be due 
to contributions from the methylene protons [15-17], 
as well as from the solvent H 2 0  protons [11]. Thus, the 
main conclusion that can be drawn from the NOE data 
is there is more than one contribution to the dipolar 
:elaxa,ion n:echanism and that  this is responsible for 
the poor  correlation between observed and  predicted 
NOE enhancements  at the elevated frequencies. 

For  the 0 ° to 60°C temperature range, at 162.0 MHz 
the fitting analysis yielded a 94% to 90% and 81% to 
74% percentage contribution of the CSA relaxation 
rate to the overall rate for the outer and inner mono- 
layers, respectively. The uncertainty associated with 
the D D  rate equation makes these values only approxi- 
mate but it can still be concluded that the CSA rate 
dominates at this resonance frequency. Thus, it is 
possible that  the fitting analysis to the T I data  yielded 
more accurate ~ values than the 3tp[tH} N O E E  
method, even though the same spectral density func- 
tion was used for beth relaxation mechanisms. Similar 
~- values have been determined in PC muitilamellar 
dispersions by assuming the dominant  phosphorus mo- 
tion is either isotropic reorientation ( = 3.0 ns at 25°C 
determined by measurement  of  temperature  and fre- 
quency dependences [10]) or axially symmetric rotation 
( =  3.5 ns determined by an orientational dependent  
analysis [14]). O f  course, it must be recognized that this 
is still a simplified model, given the complexity of  the 
segmental motional rates and amplitudes in the head- 
group. 

Finally, it is of value to compare T I times for SUV 
with data  obtained from multilamellar dispersions./.z~ 
unambiguous interpretation of  the monolayer most 
closely resembling the planar" situation can be obta:.ned 
by comparison of  the positions of  the T I minima. 
Milburn and Jeffrey [10] observed a minimum at 10°C 
at 145.7 MHz for PC multilamellar dispersions, which 
is much closer to the outer  monolayer minimum at 
11.5°C determined at 162 MHz (Table VI). (It is ex- 
pected that the multilamellar minimum position would 
increase 2 - 4  C ° if measurements were peffomed at 
162.0 MHz, which still leaves a better  correlation with 
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the outer  leaflet minimum position.) This implies that  
the motional properties of the outer monolayer phos- 
phorus nuclei more closely resemble those existing in 
planar  systems. This indicates that  for the sizes of SUV 
employed (58 nm in diameter), packing constraints for 
the inizer monolayer are more important in altering 
headgroup dynamic hehaviour than the changes caused 
by the large volume allowed for outer leaflet head- 
group movements This result is not in agreement with 
calculations by Chrzeszcyk and co-workers [21] which 
indicated that inner monolayer beadgroup conforma- 
tions more resemble planar  configurations, based on 
area-per-headgroup considerations. This discrepancy 
may be due to much smaller SUV being employed in 
that study (22 nm in di'~meter). In smaller SUV, the 
volume each outer  monolayer headgrouo occupies is 
much larger and this may result in a greater  deviation 
from planar  headgronp hehaviour than the changes 
undergone in the inner region. 
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