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The motional properties of the inner and outer

ps of egx e (PC) small

unilamellar vesicles (SUV) were investigated by *'P-NMR temperature-dependent spin-lattice relaxation time

constant (7,) and *' P{'H} nuclear Overh

effect (NOE)

‘Three different aspects of the dynamics of PC

headgroups were investigated using the T, analysis. First, differences in the dynamics of the headgroup regiom of
after

koth surfaces of the SUV were

ofa 1 shift reagent, PrCl,, to cither the extrs- or

intravesicular volumes. Second, the ability of the T, experime-t to resolve the different motional states was

evaluated in the absence of shift reagent. Third, between times from a

frequency dependent 3p{iH} NOE is allowed a of the ility of a simplificd motionsl
model to dipolar rel. Te d d "P-NMR T, values obtained for the
individual nwmhyers at 8I.0 and lno Mllz were modelled ing that d both a digelar
and an ani: each being described by the same correlation time, 7.
MIGZOMHI,themnhnofﬂuT. for the inner was 9° higher than that of the outer region,

indicating a higher level of motional restriction for the inner leaflet, i m agreement with > P{' H} NOE measurements.

The 162.0 MHz T, profile of the combired SUV 1.

hibited a smooth located at the of

the monolayer minima positions, effectively k the

of the ffaces. ' P{'H} NOE resnits

obtained at 32.3, 81.0 and 162.0 MHz did not agree with those predicted from a simple dipolar relaxation medel.
These results suggest a T,-temperature method can neither discriminate two or more closely related motional time

scales in a h (such as i

ion of the
significant contribution to the overall rate.

Introduction

3IP-NMR spin-lattice relaxation time (7)) determi-
natlons have provided considerable insight into the
b iour of the ph moiety of phos-

holinid head: Singl T,
ments have proved useful in qualitative determlnauons
of the effects which various rcconstituted or mem-
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treal, Quebec, Canada, H3A 2B4.

of protein into lipid bilayers) nor allow accwrate

time at the position of the minimum when the dipolar relaxation rate makes a

brane-soluble pwtems Ilave on lipid headgroups [1-5],
and also in the individual mono-
layers which constitute small umlamellar ves:cles (suv)
[6]. More detailed dent *P-NMR
7, examinations [7-13] have elicited much interest
since a mini time was ob-
served in all cases. This finding allows estimation of
the rates of the dominant motions that are present at
the where the mini 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 i b the correlation
time, 7, is on the order of the inverse of the Larmor
resonance frequency, w; i.c.. wr= 1.

This rcldllonshlp is, however, only dppmxum.m: since
more exact determination of the rel hip of i, 1O
@ of the indivi

lamellar systems, SUV have been employed. In these
structures, the intense surface curvature causes the
inner and outer halves (the individuat monolayers mak-
ing up the bilayer) to become highly asymmetric with
respect to molecular packing [19-22], resulting in dif-

mcchanlsms, and the types of motions responsible for
generating the relaxation. At the eclevated magnetic
field strengths that are required to obtain a phospho-
lipid T, minimum at a temperature greater than 0°C,
two processes are responsibie for the observed relax-
ation rate, the dipole-dipole (T7,},), and chemical
shielding anisotropy (T, ;) rates [10]. Since the latier
process is proporuunal to the m.lgncnc fre-

in the conformations and dynamlc behaviour.
YP-NMR d

were performed at two differcnt re«)nam frequenmes
for cach monolayer making up the SUV in order to
isolate 1hc relauve contributions of the DD and CSA
T i thereby bling 7, to be
determined. Relative contributions of DD and CSA
rates to overall relaxation rates determined from T,

did not correlate with *'P{'H) NOE

quency employ idation of the individual rates
can be obtained fmm data gathered at a number of
different frequen: Fitting of these data to an appro-
priate relaxation model yields a value for ;.

Since unly a single minimum has been found for
phospholipid dispersions, a model hds been meloycd

results, indicating that a simple motlonal model for
DD ion yields i i for 7 val-
ucs. Finally, a T\-temperature analysis of the combined
monolayers revealed only a single minimum where two
were known to exist (one for cach monolayer), implying
that Inpnds cxnstmg in different environments can easily

in which it is d that the ph us be forah type.
undergoes a singlc .um:c\u:lclcd isotropic r:muun [7‘- ].4.} Materials and Methods
“Ihe 1,;, valucs by this el

represent an average of interactions, since it is ki
that the relaxation of phosphorus is much more com-
plex than depicted in this model. For instance, Milburn
and Jeffrey [14] have shown that there is a d di

Lyophlhzcd cgg L-a-phosphatidylcholine was ob-
ained from Avanti Polar Lipids and PrCl, from Alfa
Division. To prepare the SUV the lipid (up to 1 g) was

of the “P MMR T, time constants at clevated reso-

in I and the solvent evaporated using
a rotary evaporator, leaving a thin lipid film which was

nance fi on the angle t th
ficld and the bilayer in oriented multil ]

then sed to a nitrogen stream until dry. This film

the anisotropic naturc of the phosphorus motion. At
least three differcnt contributions arc believed to be
lmpurlant in lhc d)pol,.lr rcl‘lxauon of the *'P nucleus,
luding an acti from the
chofinc methylenc protons, an intermolecular interac-
tion with the choline N-methyl protons [15-18) and
contributions from: the 11,0 protons [11].
One of the major advantages often cited for employ-
ing a T\-temperature analysis is that information can
ve obtained regarding the effect of perturbant
molccules (such as proteins, different lipids. and
steroids) by monitoring the change in the position of
the minimum [7-9,13]. However, conclusions regarding
any movement in the position of the minimum must be
treated since in hy 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-
fization [5]. No studics have yet reported differences in
for the same phospholipid existing in two well-
characterized environments.
In this study, a analysis of
idylcholine (PC) head *P-NMR spin-lattice re-
laxaunn bchavmnr h.ns been pcrl’urm(.d To avoid the
with an ion of ill-de-
fined lipid i in pi i multi-

was dissolved in 10 mM Hepes buffer (100 mg lipid /ml)
and the solution adjusted to pH 7.3. To those solutions
to which PrCl, 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 vse.

A Vibra Cell Sonicator (Sonics Materials Inc.)
cquipped with a titanium probe tip was used to pre-
parc the SUV. Sample volumes (5 + 2 ml) required 60
min at a power setting of 3.5 to obtain a clear blue

! solution. Nitrogen was bubbled into the
sample during the procedure and a cold water jacket
was used to prevent heating. After preparation, the
sample was centrifuged for 30 min at 20000 rpm at
15°C to remove any multilamellar components. Vesicle
samples were scaled under a nitrogen atmosphere and
kept in the dark for no more than 24 h before use. Gel
filtration employing a 2.5 X 50 em column packed with
Sephacryl S-1000 ge! (Pharmacia, Montreal) vielded 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 + 1 nm.

To isolate the inner monolayer resonance, 1 mM
PrCl, was added to the solution. To isolate the outer
monol.lyer resonance 1 mM PrCl; was added to the

before After this



the exts icul: hemical shift reagent
was removed through passage of a 2.5 X 50 cm column
packed with Sephadex G-25-50 gel (Pharmacia, Mon-
trea), pretreated with lipid [19].

#P-nuclear magnetic resonance experiments were
performed at thice resonani frequencies: 32.3 MHz
(Bruker WP-80). 81.0 MHz (Varian XL-200) and 162.0
MHz (Bruker WH-400), all in '0 mm sample tube
sizes. P-NMR spin-lattice relaxation time constant
(7,) measurements were carried out by the (nversion
recovery method and a minimum of thirteen different
delay values was loyed for all At
81.0 M¥iz, 7, values were obtained from a non-linear
least-squares fit to

§,=501-2¢ Ty o

where S, is the thermal magnetization valuc and S, is
the magnetization value for that particular ¢ value
employed. At 32.3 and 1620 MHz T, values were
calculated from the slope of a plot of In(S.-S,) 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 iemperatures
the value was usually less. Pulse width (27) determina-
tions werc made for every temperature or sample
change that was performed. Since long T experiments
are particularly sensitive to long-term changes in mag-
net homogeneity, short and long ¢ values were alter-
nated or interleaved.

Two methods were used to ineasure the *'P{'H}
NOE's. In one, the broadband 'H decoupler was on all
the time and the signal was compared to the P
spectrum obtained with the decoupler gated on only
during acquisition of the P signal [23,24). Alterna-
tively, the proton decoupler was turned off immedi-
ately before the *'P excitation pulse and was restored
just after the P recciver had finished acquiring the
free induction decay signal [25,26]. This signal was
compared with the * P spectrum obtained without pro-
ton decoupling. Pulse intervals of at least 5 T, follow-
ing data acquisition were used for both procedures.
Peak arcas were evaluated using a planimeter or by
cutting and weighing copies of the spectra. The magni-
tudes of the NOE's are reported as percentages with
124% the possible

Results

T-temperature experiments

The inner and outer monolayer *'P-NMR reso-
nances of the PC SUV were not well resolved at any
temperature to determine 7, time constants at the
chosen resonant frequencies (81.0 and 162.0 MHz).
This necessitated the use of the chemical shift reagent,
1 mM PrCl;, 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-
fcmcu teaflet. Since this paramagnetic reagent causes a
duction in the spin-lattice r..laxation times
it was necessary to cnsure that no lcakage of Pri*
occurred across the bilayer to the monolayer of inter-
est. Although numerous bilayer vesicle studies which
have employed this 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
frec Pr** ions, | mM EDTA was added to the appro-
priate side of the vesicle [15]. Several lines of evidence
suggest that d contact the head
and the Pr** ions did not occur:

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

(i) i ion of the two
vary with temperature,

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

(iv) T, measurements determinci after a serics of
high or low temperatures were no ditferent than pre-
cxperiment controls at room temperaturc.

The *P-NMR 7, relaxation profiles for the inner
and outer monolayers of the SUV samples measured at
81.0 and 162.0 MHz are shown in Fig. 1 (along with the
ciiives generated by a fitting analysis, discussed in the
next section). 7, time constanis were significantly
higher at the lower magnetic rcsonrance frequency for
any one temperature on the high temperature region
of !he curves, This trend is consistent with the chemical

hanism making a conuribution
to the overal! rclaxation process, at lcast for the T,
time constants dewcrmined at 162.0 MHz [10]. Dipolar
relaxation predicts similar 7, 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, data have
to take mto account thal bolh dlpolar and chemical
i exist. The
T, time constants mcuurcd at 32.3 MHz at 25°C (not
shown) were also higher than those measured at the
higher frequencies, indicating that at 81.0 MHz a
chemical shiclding anisotropy term must also be in-
voxed to adequately describe the relaxation of the
phosphorus.

peaks did not

Fitting of the isotropic motional model to the T,-temper-
ature data of the mdu idual aU V monolayers

At the loyed, the spin-
lattice relaxation rate is given by

U/ Tyameran = 1/ Tipn +1/ Thesa @



81.0 MHz

0.800

0.400

C

In(Ty)

162.0 MHz

0.800

0.600

0.400

0.200

~0.200

280 220 380 4.00

1000/ Temperature (1/K)

Fig. 1. “P-NMR spin-lattice relaxation times measured at 81.0 and
1620 MHz for the chemically shifted inner () and outer ()
menolayers of ege PC SUV as a function of temperature. The data
has been fit 1o the sum of DD and CSA relaxation rates, assuming an
isotropic motional 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 modcl.

TABLE |

To calculaie these two terms, it has been smphstlcally
d that the ph moiety is

isotropic rotational diffusion and can be modelled by a

single correlation time, 7. For this situation the spec-

tral density function, J(w), is [29]

J)=r(1+wpr?) ! 5}
where wp is the resonant frequency for the *'P reso-
nance. A ing this type of i ion, this yields the
function [20}

1/ Ty pp = (1/10)K 2~ wy = wp)+ 3/ (wp) +6Jx(wy + wp)]

[C3)
and [29]
N 2 A0 T 5
i/ Tycsa = (3/10wpdo (m) )
where r rep the ¥P-'H i
wy is the fi for the 'H

K = hynpyyy, and Ac is the residual chemical shielding
anisotropy. As in the study of Milburn and Jefirey [10],
these latter two values were parameters determined
from the data. Finally, to determine the values of the
correlation times over the temperature range exam-
ined, it was d that the motions of the phosph
rus have an Arrhenius dependence witia temperature,
as given by

Ins=Ins-E,/RT (6)
where 1, is the correlation time at infinite ternpera-
ture, E, is the activation energy, R is Boltzmann’s
and T is the in degrees Kelvin.

Four independent parameters were used in fitting
the T, versus temperature curves (Table ): (i) the
term, K2/10r® from Eqn. 4; (ii) the term 0.3402,
from Eqn. 5 (which has been dwlded by w,, to climi-
nate the field h dence); (iii) 7,
and (iv) E,, both from Eqn. 6. The fitting procedure
was based on the downhill simplex method of Nelder
an¢ Mead [31] for muitidimensional minimization [32].

Fitting parameters from *'P-NMR T -temperature data of the individual monolayers of egg PC SUV

Resonant Monolayer K3/10r% 03402 /w} Ty E,/R
frequency (%10% (x107%) (1)
(MH2)
1620 inner 1.35+0.05 1.74£0.01 3131022 3036420
outer 4334151 2.10+0.10 169027 312345
810 inner 1.10£0.03 1.88+0.04 1.10£0.12 3356+ 30
outer 6.50+0.21 2254000 1361006 3922+ 11




TABLE I

YIP-NMR activation energies for the inner and outer monolayers of egg
PC SUV and DPPC micelles

Preparation Activation cnergy (kcal/mol)

8LOMHz 162.0 MHz
SUV inner monolayer 6.67+0.06 6041004
SUV outer monolayer 7.80+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 7; min-
ima for the 81.0 MHz data, the data obtained at cach
resonance frequency were fit to the rate equations
independently.

Of particular importance are ilie differences in the
K?2/10r terms for the two monolayers because of the
r dep>nd and the Arrh
Table 11 lists the cal d ener-
gies along with those that were obtained for a PC
system, dipalmitoylphosphatidylcholine (DPPC) mi-
celles, in methanol. In organic soivents, PC molecules
are believed to have a less hirdered rotation than for
the bilayer form [33), so this system allowed a compari-
son to be made with the biained for the
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Fig. 2. Isotropic dynamic model fitting to P-NMR T\-temperature

data obtained at 162.0 MHz for combined monolayers of cgg PC

SUV. The data fit quite well assuming only a single coriclation time
exists.

mmlmum for the dual monolayers is located midway

monolayers from the fitting analysis.

Each of the inner and outer monolayer 7, versus
temperature plots that were cbtained 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 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 of the isotropic motional model to the T -temper-
ature data for the combined SUV morolayers

The T)-temperature 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 dlsplay this type
of profile. Since the | of each
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
cbtained by assuming that only a single minimum ex-
ists, essentially hiding the dual nature of the rclaxation
profile.

Fig. 3 compares the 1620 MHz egg PC individual
monolayer curves with the combined curve. From lhls
comparison, it is evident how su~h an effecti

that of the inner and outer minima positions.
The combined system has a broader profile which
essentially encompasses the total width of both pro-
files.
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wl AL/

0.100

In(T))
—
—
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Fig. 3. Comparison of egg PC SUV monolayer curves (light lines)
with combined monolayer curve (bold line) cbtained from fittings of
the 162.0 MHz T-temperature data. The combined curve displays a
minimum at a position midway between that of the individual curves

of

of the two components could occur. The position of the

and is signi broader, as wide as the
the two curves.
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*P{'H} Nuclear Overhauser effect enhancements of SUV
monolayers

J'P('H) NOE experiments were initially performed at a
32.3 MHz,
for both morolaycr& It has been shown by Yeagle et
al. [15] that at this level relaxation of the phosphoms

nucleus occurs predominantly by a dipolar

TABLE IV

Observed cersus predicted *'P{'H} NOE enhancements for inner and
outer monolayers of egg PC SUV at 25°C

This is in principle a simpler method of companng the
phosphorus correlation time b

only one relaxati }

Resonant Observed NOEE Predicted * NOEE
frequency (+10%) (£10%)
T (MHz) inner outer inner outer
81.0 21 31 14 9
smcc 1620 12 12 8 10
need be idered and 2 D ined from Eqn. 7 by employing the 7 values obtained from

there is no direct dependence of the NOE on the
distance between dipolar coupled nuclei, as there is for
the dipolar T, relaxation process. For the isotropic
model, 7 can be calculated from observed NOE en-
hancements (NOEE)

NOEE

Lizd T
i PHimy +0p)' s 1+(0, - wpFr?

=1+

the 32.3 MHz NOEE given in Table 111. Errors were assumed to
be the same as for the obscrved enhancements.

Mcasurcmcm of this decline in the NOEE at hlgher

ies thus provides an to

the 7, data fitting proccdure for determining the rela-

tive contributions of DD and CSA relaxation mecha-
nisms to overall 7, relaxation.

The first step in elucidating the two contributions

", T 3r or
i e s —
Trluy—wpl't®  lrwpr’  I+og+oprs

m

NOEE obtained for each svrface at 25°C and calcu-
lated 7 values are given in Table 1Il. The NOEE
calculated from Eqn. 7 is significantly higher for the
outer monolayer, while the correlation time is shorter
(1.24 ns) for this region compared to the inner surface
value (1.63 ns).

*P{'H} NOEE were also measured at 81.0 and
162.0 MHz (Table IV). The decreases seen with re-
spect to the 323 MHz data are the result of two
ion of the dipolar mech-
anism due to the extreme narrowing condition not
holding under ihese conditions for SUVs, and a de-
ciine in the dipolar relaxation contribution to the over-
all rate (resulting from the increasing importance of
the CSA rate at these elevated frequencies). The rela-
uve contribution of each of thesc terms to the observed

can be ds i foll

was to d the NOE d solely in terms of
the dipolar hanism, C times obtained 2t
32.3 MHz (Table 1) werc used to predict NOEE at
81.0 and 162.0 MHz (Table 1V). The predicted motion-
ally attenuated values were either within the experi-
mental error of the measurements or less than those
observed, indicating no contribution from CSA. Since
much higher NOEE 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 of the *P{'H} NOE in PC SUV monolayers
Previous *'P{'H) NOE studies on phospholipid vesi-
cles have suggested that intra- and intermolecular 3P-
'H 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
1 the *P('H} NOEE of SUV in which the

d from the g equa-
tion
NOEE renvca ™ (NOEE yomericat 1760 / T averan ) ®
TABLE 11l

Calcudated correlation times from 32.3 MH: ¥P{'1{} NOE enhance-
ments of egg PC SUV inner and wuter monolayers at 25°C

Parameter Inner Outer
measured monolayer ‘monolayer
NOE

enhancement

(£10%) 42 56

T

(ns) 1.63 1.24

N-methyl choline protons of palmitoyl-oleoyl-PC
(POPC) were substituted by deuterium (i.¢., the tcrmi-
nus was (CD3)y-N*-POPC to give 7,,-POPC) were
examined. Since substitution of a proton by a deu-
terium removes the *P-'H dipolar cross-relaxation
that is in part necessary to generate an NOE, it was
expected that a decrease in NOEE would bs observed
if the N-methyl choline protons were contributing.
Once again, the chemical shift reagent, PrCl,;, 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-methy! choline protons do contribute to the



TABLE V

Comparison between 81.0 MHz “'P{'H} NOE enhancements for
Y40-POPC and egg PC SUV monolayers at 25°C

Preparation NOE enhancement ( + 106%)

inner monolayer outer monolzyer
Egg PCSUV 21 31
¥4y-POPC SUV 12 23

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

Discussion

SIP.NMR T, of PC SUV individual mono-
layers: relaxaticn rate equation fitting to data
In this study, !he lwo monolayers which make up
SUV were il P ly by a
3IP.NMR spin-latti laxation time
analysis. The fact that a clear difference exists in the
position of the 7, minimum with respect to tempera-
ture (at 162.0 MHz) allowed two different types of
analyses to be performed. First, d:ffemnees m the
motional properties b
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periments and the fitting ot kqn. 2 to this data. For
each resonaat frequency, the 7, is the same for both
surfaces. This was expected since at the minimum,
O = 1, s0 T, is only a function of the rcsonant
d. The cor di
to the mini pin-lati 1 time is signifi-
cantly higher (9. 0°C) for the inner monolayer compared
to the outer leaflet. This implies that the inner surface
phosphurus has an mcrcased spectral density of lower
motions pared to the outer
The time-scale of the molecular motion of the PC
molecule is too slow to cause effective spm—lamce
laxation at the ic field

so this observation likely reflects differences in the
segmental motions of the 'lendg:oup [10]. This con-
firms the proposal made in p ical {19-22]
and experimental [6] sludlcs that thc inner region
phosphorus undergoes slower and therefore more re-
stricted motions on average compared to the outer
surface.

The displacement of the 7, minima towards fower
temperatures at the lower resonant frequciocy 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

were examined in a quantitative manner by fitting each
of the monolayer TI data to DD and CSA relaxation
rate ions. To describe these

it was d that the phosph moiety

field d d of CSA, the relative contribution of
the Ti s term to the overall rate in Eqn. 2 differs at
81.0 and 162.0 MHz. The relationskip between wp and
T al the mummum differs between the DD and CSA

isotropic reorientation. "P('H) NOE experiments were
d as ani i of the relative
comnbumn of the dlpohr and chemical shielding
i to the overall T
relaxation. Comparison of the r values calculated from
these two techniques sllowed a measure of the applica-
bility of a simplified motional model to describe phos-
phorus DD relaxation. Second, the ability of the 7,
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 high temperature indicates that both DD
and CSA relaxation rate equations are needed to ob-
tain an estimation of 7, Table VI summarizes the
relevant minima parameters obtained from the T, ex-

TABLE VI
SUV *'P-NMR T)-temperature minima parameters

Thus, different relative contri-
butions of eack 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 VI indicates that the position of the
minima for the inner monolayer changes hv 15° in
going from one resonance frequency to the other but
chanses 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 responsible
for the acti e d at this fre-
quency being significantly higher than thosc deter-
mined from the 162.0 MHz data.

E, values determined from the 162.0 MHz data are
quue similar, implying that the movement of the T,

Frequency  Monolayer Ty Timm  T€MPpip
(MH2) (ns) (s) C)y
162.0 inner 10 090 205
outer 1.0 038 1ns
81.0 inner 19 L19 55
outer 1.9 127 40

may be a much more sensitive indicator of
the differences in headgroup motional propertses. For
PC systems in which there are greater diff:rences,
thougy, the activation energies do follow the cxpected
trend. Comparison with E, values for methanol shows
the expected change since these values are lower than
that of cither monolayer (Table 11); in solution the
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micelles exist i trimer form [33] and are therefore not
subject to the motional restrictions that exist in the
monolayer. Ghosh [12) has examined phospholipid ¥ P-
NMR activation energies as a function of spacing be-

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
T,-tempcrdlure analysis. This finding has important

tween head created by i d of choles- p for T of lipid-pro-
terol and found that these values d the d tein di ions or for any other dispersion in which it
trend by d g as the i lecular di may be believed that more than one dynamicatly differ-
incrcased. The K2/10r® term determined from the ent lipid c exists. The of 4 single
fitting analysis provi a of the di imi may in fact a distribution of closely

between the phosphorm and a dipolar coupled proton.
The actual r values obtained from this type of proce-
dure are subject to considerable uncertainty since more
than one proton is involved and the *'P{'H} NOE
results (Table 1V) reveal that at least two sources of
protons ib to us dipolar i

exist. I it is assumed that the dipolar refaxation of the
P nucleus is dominated by the intcraction with its
nearest neighbor, then the r value obtained will repre-
sent the weighted average of tic distances involved.
Orne interesting comparison that can be made is the
ratio of the outer:inner r value, which is significanily
greater than unity (21% and 35% higher as determined
at 162.0 and 81.0 MHz, respectively). This lmpllcs that
differences do exist in the average di

related correlation times so this method can not be
used to prove that only a single environment exists.

Yp{'H} NOE enhancements of PC SUV individual
monolayers

The *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 inter phosphorus (1.63 ns) compared to the ouici
one (1.24 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

with the i
sxation data.

reached from the 7,

dipolar coupled 'H-*'P 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 i lecular dipolar proton-ph
interactions do not differ appreciably for the two sur-
faces.

JIP-NMR T,
layers

A single minimum at 162.0 MHz 'vas obscrved 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 cusve for the com-
bined system is essentially a imear combination of the
two individual curves, indicating that the overall relax-
ation rate represents the sum of the relaxation rates of
the On the high side of the
minimum the inner surface relaxation rates dominates,
while on the low temperature side the outer monolayer
has the most efficient phosphorus relaxation. Thus, the
effect of more than one interaction contributing to the
rclaxatmn of the P nucleus is to broaden the T,

. Although the i of T,

values at the of the individual
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.c., the combined SUV data has a
broader minimum and this may alter the amplitude of
the minimum.

d mono-

of PC SUV combi

These correlation times were used to predict the
3 p('H} NOE enhancements that should be seen at the
two other resonant frequencies employed in this study,
81.0 and 162.0 MHzg, if a dipolar relaxation mechanism
were solely operative. Eqn. 7 was used so these pre-
dlcted values (Tﬂhle 1V) are based solely on a dipolar
ism. There is a d 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 wp 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 atteisuation 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 at 162.0 MHz than the observed
NOEE for the outer and inner surfaces, respectively.
The fact that a CSA relaxation mechanism does not
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 ¥ P{'H} NOE
and T,p, expressions, this in turn implies that the
correlation times derived from the fitting of the relax-
ation rate equations to the T 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 both surfaces, based upon the
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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 inaer mcmolayer are more important in altering

abservation that there is a di in the enh d than the changes caused

ments from the respective non-d d by the large volume allowed for outer leaflet head-

of 43% and 25% for the inner and outer monolayers, gmup movements This result is not in agreement with

respectively (Table V). A Tusi ing this and o kers [21] which

difference in relative decreases observed can not be Jicated that inner 1 d

mad» with any certainty, though, since the absolute tions more bl planar hased on
ities of these enh is rather small, being This

in the range of only 10-20% of the theoretical maxi-
mum, The remaining NOE enhancement may be due
to contributi from the hyl protons [15-17],
as well as from the solvent H,O protons {11). Thus, the
main conclusion that can be drawn from the NOE data
is there is more than one contribution to the dipolar
:elaxarion niechanism and that this is responsible for
the poor correlation b b: d and predicted
NOE ent at the el d i i

For the 0° to 60°C temperature range, at 162.0 MHz
the fitting analysis yielded a 94% to 9% and 81% to

may be due to much smatler SUV being employcd in
that study (22 nm in dnmc'cr) In smaller SUV the
volume each outer it is
much larger and this may result in a grcater deviation
from planar headgroup behaviour than the changes
uncergone in the inner region.
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