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A series d one- and two-dimension~ t H-NMR ~hxation me~uremen~ has been conducted on ~m~e  and 
mk¢d miceil~ aggrega~s d ~urocholat~ ~pheny~ero~phosphafidy~holine (diPVPC) and egg y~k 
phosphatidylcholine ~gg PC). The r e s ~  ~ e  ~ r e t e d  ~ pin,de structur~ and dynam~ compa~sons 
between micelles and ve~de~ between phospholipids ~ vary~g ch in  ~n~h,  and between ~ f f e ~ m  li~d 
componen~ wit~n ~ e  same micellar aggregate. Bo~  chemic~ s~R changes and two-dimensional nude~  
Overhau~r effect cro~ peaks sugge~ ~rect ~ c f i o n  d taurocholate and PC chemic~ ~ although the 
hRer obviat ions  may ~so be accounted for by PC-PC interactions. These expedmen~ d e m o n s ~ e  the 
promi~ ~ NMR ~laxafion ~chn~ues ~ r  investigations of m~ec~ar orga~zafion ~ modal subs~ate for 
fipolyfic enzyme~ 

Bihary hpids have been the su~ect  of numer- 
ous phyfic~ ~u&es in recent years [1-8] because 
of lh~r  r de  as p h y f i ~ o ~ c ~  d~ergen~.  Bi~ s ~  
themseN~ form small micellar aggmga~s [~, and 
in assembhes with other a m p ~ p ~ s  they are 
e~en t i~  to N ~  formation [1~ and f ~  &gesfion 
[111. Both mixed micelles [1-6] and unilamellar 
verities [7,8] may form in taurochCate-egg phos- 
phatidylcholine mixtures (Figs. 1 and ~ ,  fcr ~ -  
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~ I~an& CU.N.~, 1~ ~uyv~ant H ~  ~alen Is- 
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Abbmfiafions: NM~ nude~ magnetic ~ n a n ~ ;  R~, s ~  
~tfice ~l~afion rate; R ~  no~d~fi~ rdaxafion rate; 
R~(s), ~cfive rd~afion m~; PC, phosph~cho~ne; ~- 
PVPC diphenylvaleroylphosphatid~chohne. 

~anc~ ~though the detailed m C e c d a r  arrange- 
ment of such aggregates is still in question [2-~ .  
Bflayer conformation, p a c i n g  and dynami~ have 
all been probed in bi~ s ~ P C  sCufion~ and the 
data have been compared with those of modal 
membrane sys~ms [12]. Such comparisons are 
particularly important in ~ght of the dependence 
of l ~ y f i c  enzyme a c t i ~  on ~ e  agg~gation 
state of the phospholipid substrate [13]. 

Ufing a combination of ~H- and 2H-NMR 
~chn iqu~  [5,6~ it has been posfible to devdop a 
quali~tive picture of acyl c h i n  motion and micd- 
lar ~ru~ure  in ~ s~bPC mixture .  UnusuM~ 
s~ggish ~g m en t~  motions and fight p a c i n g  we~  
i n ~ e d  ~om 2H rdaxation measurements ~ 
micell~soluN~zed PCs t h ~  were sdecfivdy deu- 
~ r a ~ d  at various ac~ c h i n  fi~s. Complementary 
IH ~newidth ~udies reve~ed that p d a r  portions 
of the phospho~pids r ~ n  substanfi~ motion~ 
~eedom during the growth of mixed micellar ag- 
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grega~K whereas bile s~t motions become more 
re~ricted. 

Used extenfivdy to d u d d a ~  the structure and 
conformation of macromolecules in solution, 
nuclear Overhauser effect spectroscopy is a v~- 
uable technique which potentially provides both 
~ructur~ and dynamic~ information for bi~ s~t- 
PC mixtures [14-16]. It is well known that the 
dipolar cross rdaxation respon~b~ for the nuclear 
Overhauser effect depends on both spati~ proxim- 
ity and rdafive motions of the interacting sets of 
nudd  [16]. Recently, cross relaxation rates have 
been obt~ned in a two-dimen~on~ nuclear Over- 
hauser ~ffect (NOESY) [17,18] study of sonicated 
PC verities [1~. In the present work, ~milar ex- 
periments reve~ conwasting patterns for PCs 
organized as ve~des [19,2~ or as mixed micelles, 
and for long- and sho~-ch~n PCs solubifized in 
bile s~t aggregates. With the ~d of ~H spin-lattice 
rdaxation experiments and NMR data obt~ned 
previously [5,6], the two-dimenfion~ nuclear 
Overhauser enhancement spectroscopy resul~ have 
been ~ven a s~uctur~ interpretation. 

Expefiment~ procedures 

Materials 
Sodium taurocholate was purchased from 

C~biochem-Behring (San Diego, CA) and puri- 
fied as described previously [5]. Egg yolk PC was 
obtained as a Grade I product ~om Lipid Prod- 
ucts (Redhilh Surrey, U.K.) in a CHC13/CHaOH 
(2:1, v/v) solution. Diphenylv~eroylphosphati- 
dylcholine (diPVPC) was synthes~ed by acylafion 
of glycerolphosphocholine with the acylimidazole 
of ~-phenylvaleric acid (Aldrich Chemical, 
Mflwauke~ WI) [21,22]. This compound was pro- 
vided by Mr. Larry Coury. Each phospho~pid 
gave one spot on thin-layer chromatography in 
CHCI3/CH3OH/CH3COOH (70 : 30: 1). 

M~ellar solutions of 20 mM taurocholate and 
diPVPC were prepared by dissolving the dry com- 
pounds in 1 mM EDTA in 99.96 atom% 2H20 
(Aldrich Chemical, Milwaukee, WI). (Critic~ 
micelle concentrations of the fipids are 3 mM [9] 
and 0.5 mM [22].) Mixed taurocholate/PC solu- 
tions for NMR were prepared by coprecipitation 
[23]: fipid solutions in CH3OH/CHC13 (2: 1) were 
mixed in a 1 : 1 molar rati~ dried under a ~ream 
of N 2 and at reduced pressure, and then hydrated 

with 99.96 atom% 2H20 to a fin~ tot~ fipid 
concentration of 12.5 mg/ml. S~utions were in- 
cubated for 24 h and vortex-mixed prior to the 
NMR measurements. 

NMR spe~roscopy 
1H-NMR experiments were conducted on 

sever~ spectrometers: (a) a homebuilt 500 MHz 
in~rument at the Franos Bi~er Nafion~ Magnet 
Laboratory (M.I.T., Cambridge, MA); (b) a Varian 
XL-200 in~rument at the Univerfity of Mas- 
sachuseUs (ArnhersL MA); (c) a JEOL GX-400 
in~rument at Hun~r College (C.U.N.Y., New 
York, NY), and (d) a JEOL FX-100Q in~rument 
at Amherst College (AmhersL MA). Measur~ 
ments were made at 25-40°C on 300-500 #1 
samples (sampfing conditions are noted in the 
figures and table~. 

Spin-lattice rdaxation rates (R 1 = 1/Ta) were 
obtained with the inverfion-recovery (IRFT) pulse 
sequence [24]. The return of the nudo  to equi- 
fibrium was monitored Other after nonsdective 
inverfion of all spin populations (R~(ns)) or after 
sdective inversion of a ~n~e resonance (Rl(s)). 

Two-dimen~onal nuclear Overhauser spectro~ 
copy was performed in the 'pure absorption' mode 
~5]. The sequence [90~-q-90g-zu-90~-acquire 
( tz~,  [18] was employed with 512 t~ values, mix- 
ing times $~ of 150-600 ms, and n = 32. The 
phase-cycfing scheme used in the acqui~tion of 
pure absorption mode spec~a removes ~1) and 
J(2) terms ari~ng from sc~ar coupfin~ but ~0) 
contributions are not so removed. Because the 
latter terms diminish at longer mixing times (such 
as those employed here) [26], no fu~her measures 
were used to remove sc~ar coupling effects. Two- 
dimen~onal Fourier ~andormation provided 
spectra as a function of ~equendes f~ and f:; 
resulting data are represented conven~ntly in con- 
tour plots. A t y p ~  experiment required 16 h of 
spectrometer time. 

Resets 

Two-dimensional nuclear Overhauser spec~oscopy 
On~dimen~on~ 1H-NMR spectra of ~mple 

micelles of taurocholate and diphenylv~ero~- 
phosphatidylcholine (diPVPC) are shown in Figs. 
1 and 2. The excellent resolution obtained at high 
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~ 1. 500 MHz 1H-NMR ~¢ctmm of a 20 mM miceil~ 
s~udon of sodium ~ u r o c h ~ e .  R~onan~ assignments are 
made by ~ n ~  to pub~hed s p e ~  ~7], ufing the num- 
bering scheme shown abov~ 

magnetic fidd ~ n ~ h  permits ~entification of 
key hydropho~c and hydrophi~c rites on each 
d~ergent. The two-dimenfionfl spectrum of the 
fimple ~urochd~e  micelles (Fig. 3) i n d i c ~  ~-  
p~ar  cross rdaxation b~ween severfl protons on 
the ~er~d tings, as well as weak infractions of 
these upfidd ~ d  protons wilh nearby meth~ 
~ 1 ~ 2 1 1  and with car~n~ [7,1~ rites. The a ~ a ~  
ent rites 25 and 26 on the tauroch~ate fidech~n 
a~e flso linked by nuclear Overhauser d ~  By 
contrasL micelles of the sho~¢h~n phospholipid 
diPVPC ~nd of the related compound ~-phen~- 
decano~O exhibit no cross peaks in two-~men- 

~1 

~on~ nuclear Overhauser enhancement (NOESY) 
spe~ra obt~ned with mixing times up to 600 ms 
(specUa not shown). 

The one-dimen~on~ spe~rum of a 50 : 50 mix- 
ture of taurocholate and diPVPC is found in Fig 
4, and a number of s p e c ~  features indicate 
changes in the magnetic en¼ronmen~ of sever~ 
proton~ rdafive to those found in the pure com- 
ponents. Proton 26 moves upfidd in the mixed 
micell~ thus reversing the rdafive chemic~ shift 
positions of taurocholate protons 3 and 26. The 
~ycerol CH20 protons shiR downfidd in the 
mixed micelle; the phoshofipid aromatic protons 
shift ~gnificantly upfidd in the mixed micell~ 
~elative to the pine phospholipid. Unlike lhe spec- 
tra observed for the pure components, the two-d~ 
men~on~ nuclear Overhauser enhancement spec- 
tra of the mixed micelles (Fig. 5) indicate that 
exten~ve dipdar cros~rdaxation is occurrin~ 
Changes in environment ~Uuctur~ cr dynami~ 
upon formation of mixed particles provide a 
plau~ble expanation for both chemic~ shift 
changes and increases in dipolar conne~ivities. 

As seen in Fig. 5, cross peaks between s~roi& 
meth~ and carbinol ~tes are enhanced in inten- 
~ty and in number rdative to the pure~omponent 
micelles. In addifio~ cross relaxation occurs be- 
tween the different methyl groups and ~so be- 
tween more di~ant meth~ [18,21] and carbinol 
[7,1~ ~tes (not shown). Howeve~ the nuclear 
Overhauser effec~ b~ween fide chMn ~tes 25 and 

~phenyNal~oyl Phosphatidy~hoiine (~PVPC) 

$ 

3 0 0 H z  
~ ~ 

H~H ~ ~ N  ~CH~ d O ~C --- m~ ~fi~00 MHz l~NM~~ufi ~ of ~ p h e n ~ v ~ o ~ ~  ~ m m  ~ a 20 

~ ~ ~ ~ ~ ~ d ~ o ~  T ~  ~ m ~ t  ~ m e  
~ ~ c ~ e d  ~ and ~ based on prior 

CHEMICAL SHIFT (ppm) s m ~  ~ ~ ~ m ~  ~ 8 ~ .  
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CHEMICAL SHIFT ( p p r n )  
~g. 3. Two-~menfionM nuclear Ove~auser spectro~opy of 20 mM so&um taurochd~e micelles. A mi~ng time of 600 ms was 
used; ~e ~west comour of t~s ~s~ay has an ~ n f i ~  ~1% of ~ of ~e ~ r ~  peak ~ ~e ~ t ~ m .  

26 are absent in the taurocholate-diPVPC mixed 
micelles (negative resul~ not  shown). Within the 
s h o ~ - c h ~ n  phospho~pid,  no spin communica t ion  
is observed for phenyl, acyl c h i n ,  or choline 
headgroup mo~t ies  (negative resul~ not  shown), 
but  prominent  cross peaks rink the protons of  the 
glycerol backbone  (Fig. 6). Unambiguous  identifi- 
cat ion of  t aurochola~-d iPVPC cross peaks is dif- 

f id t  due to spectrM overlap, but  severM ~eroid 
and phospholipid a c ~  chMn groupings may  be 
~nked (Fi~ 5, dashed ~ne~.  

Finally, two-dimen~onM nuclear Overhauser 
enhancement  ~udies  have been conducted for a 
pref iouf ly  charac~f ized  mixture [6] of  taurocho- 
late with egg phosphat idylcho~ne (egg PC) (F i~  
7). (Spec~M ~newidths in pure egg PC samples 
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CHEMICAL SHIFT ( ppm ) 
~ 4. 5 ~  MHz ] H ~ M R  ~ t ~ m  of s ~ m  taur~holate- 
~phen~v~ero~phosph~ch~e m~ed ~c~e~ prepared 
as ~scfib~ ~ the M~efiMs section. 

are large enough as to preclude evfluation of 
posfible chemic~ shift changes in the mixed- 
micelle sy~em rdative to the pure components.) 
As in the mixed hpid aggregate described abov~ 
taurocholate cross peaks are greater in number in 
the taurocholat~egg PC micelle than in fimp~ 
micellar solution~ In the egg PC mixed micelle the 
cross peak b~ween a~acent fide c h i n  rites 25 
and 26 is r ~ n e d  (see Fig. 8) but, in contrasL the 
adjacent meth~enes of the PC headgroup (CH2N 
and chol CH2OP ) are not ~nked in the two-di- 
men~on~ nuclear Overhauser enhancement spec- 
trum (a weak crosspeak ~ observed for a mixing 
time of 600 m~. The cho~ne m~h~s (N(CH3)3) 
cross relax with sever~ spin groupings that could 
bdong to taurocholate or PC. Cross peaks are ~so 
observed among glycerol backbone rites and be- 
tween acyl c h i n  moieties. For exampl~ the 
CH=CH and CHO protons included in the broad 
resonance at 5.3 ppm communicate with ~ycerol 
CH2OP methylenes, as well as (weakly) with the 
choline meth~s and with a varify of upfidd 
methylene and m~hyl groupings that absorb be- 
tween 1 and 2 ppm. Posfible spin communication 
between the taurocholate and egg PC componen~ 
of the aggregate is treated fu~her in the Discus- 
~on section. 

Se lec~ve  a n d  nonse&ct ive  r e laxa~on  rates 
The fact that taurocholate-egg PC micelles pos- 

sess paks of adjacent methylene groups 
~aurocholate 25 and 26, PC CHiN and chol 

~3 

CH2OP) with distinctly dif~rent two-dimenfionfl 
nuclear Overhauser enhancement cross peak be- 
havior sugges~ that these p~rs of methylenes ~so 
have differing mobi~ties in the aggregates. In order 
to test this hypothes~ and to estab~sh more gener- 
ally how the two-dimenfionfl nuclear Overhauser 
enhancement resul~ depend on fite-spe~fic mo- 
fion~ e f ~  a series of spin-lattice rdaxation 
experiments was performed. The taurochola~-egg 
PC micellar mixtur~ for which the dynamic state 
has been characterized prefioufly by other NMR 
methods [5,6~ was chosen to illu~ra~ the rdaxa- 
tion phenomena for a varify of proton types. 

Tab~ I summarizes ~H spin-~ttice rdaxafion 
rates obt~ned under sever~ experiment~ condi- 
tions for key resonances in the 50:50 taurocho- 
lat~egg PC mixtur~ A distin~ spread of v~ues is 
observed among the various spin groupings, and 
in each case R~(n~ depends dearly on both tem- 
perature and magnetic fidd s~ength. In additio~ 
the observed differences b~ween Rl(n ~ and Ra(s) 
indicate significant contributions from the cross 
rdaxafion term ~o~ for most nud~ [1@3~. 

A~uming a dipolar mechanism and ~o~op~ 
motion, the rdaxation rates are ~ven by [16,30] 

Ri(n~  =EPij  +Eoi)  (1) 
~ ) 

where 

~ = R,(~ = ~ (% + 1 +3%~ 4 - - 1  +4~6% ) (2) 

and 

~ = ~ {  1+4~ 6% %) (3) 

y is the proton gyromagnet~ rati~ % is the co,e-  
lation time modulating the in~rnudear dipolar 
interaction, ~j ~ the in~rnudear separation, and 
w is the proton Larmor ~equenc~ 

The observation of frequency-dependent R 1 
v~ues as well as negative cro~qdaxation terms 
(Tab~ I) sugges~ that molecular motions are ~ow 
i.e., z~ ~ 5 /4w 2. The largest nonsdecfive R1 v~- 
ues are observed for CHEN and N(CH3) 3 of PC 
and for proton 18 taurocholate; larger v~ues of 
R~(n~ indicate ~dativdy) enhanced mobility of 
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CHEMICAL SHIF~ (~, ppm) 
Fi& 5. Two-~menfion~ nuclear Overhauser enhancement spectrum of a 50:50 taurocholate-diPVPC mimure. Expefiment~ 
con&fions mmched ~ose described in Fi& 3. The ~s~ayed re,on ~dudes taurochola~ m~h~ groups DEll21] and ~ero~ ring 
rites (~) and ~so &PVPC ac~ chain protons ~-d). The dashed crosses ~ c a ~  cross peaks observed for murochda~ rnicelles ~on~ 
The dashed ~nes connect posfible cross peaks b~ween bile s~t and phosphofi~d m~ecdes. 

these p ~ a r  group~ consistent with the r e s d ~  of  
prior ]H linewidth ~ u & e s  [~. We have ~ m p ~ d  
to an~yze  the rdaxaf ion  data ufing a number  of  
t h e o r e t ~  m o d d s  for ~ t e r n ~  a n d / o r  a ~ s o ~ o ~ c  

motions. It is pos~ble  to reproduce the ~equency  
dependence and gener~  behaf ior  of  Rl(n  ~ and 
Rl(s  ), but  only Hmited quanf i~f ive  agreement with 
the experimental v~ues  ~ ob t~ned .  This r e sd t  ~ 
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Fi~ 6. Two-dimension~ nuclear Overhauser enhancement spectrum of a 50:50 taurocholate-diPVPC mixtur~ The expefimen~l 
conditions are as described in Fi~ 5. This re,on includes ~ycerol backbone protons of the phospholipid (as wall as re~du~ protons 
in the 2H20 solvenO. 

to be expected, given the small number of data 
points rdative to the number of parameters that 
describe complex molecular mofion~ The gener- 
a~zed conclu~on of these modeling ~udies ~ that 
several dynamic modes are important, with corre- 
lation times on the order of ~2z~ ~ 1. If ~ow 
~o~opic  or ~mple aniso~opic motions are as- 

sumed, the modds  predict increa~ng rdaxafion 
rates with increa~ng ~mperature. With more 
complex mofion~ formulations, ~ ~ pos~ble to 
account qua~tafivdy for the o p p o ~  ~mperature 
dependence observed expefiment~ly. It ~ ~so 
instructive to contrast the cross rdaxafion ra~  (o) 
observed for CH2N protons of the egg PC (Eoij = 
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Fi~ 7. 500 MHz ~H-NMR spe~rum of 
sodium ~urocholat~egg phosphatid~chofine 
(TC-egg PC) mixed micelle~ Solutions are 
9.5 mM in each componenL prepared as de- 
scribed in the Matefi~s section. Resonance 
asfignmen~ are made with re~rence to pub- 
fished spec~a ~Z2~.  

0) with that for methylene groups 25 and 26 of the 
taurocholate (E%~ < 0). The CH2N spins are those 
for which spin communication is notably absent in 
the two-dimensional nuclear Overhauser enhance- 
ment spectr~ Conversdy (rnce oo becomes nega- 
tive when ~ exceeds 5 /4  w2), those bonded meth- 
ylenes which are more restricted motionally do 
exhibit two-dimenfional nuclear Overhauser en- 
hancement cross peaks. 

D~cuss ion 

These studies of bi~ s~t and phosphofipid 
mixtures represent the first apphcafion of the all- 
aH two-dimension~ nuclear Overhauser enhance- 
ment (NOESY) experiment to micellar aggregates; 
rdated work has been conducted recently on poly- 
peptides in a micellar matrix [31] and on pho~ 
pholipids organ~ed in vercular structures (ReL 
19 and Gabfid, N.E. and R o b e ~  M.F., unpub- 
fished resultS. From a pracfic~ point of view, it is 
dear that this approach provides a simple and 
more effluent ~ternative to the convenfion~ 
one-dimenfion~ nuclear Overhauser effect experi- 
ment. In what follows, the observed cross rdaxa- 
tion pat~rns are interpreted in tems of both struc- 
ture and dynamics, by comparing different fipid 
systems and with the ~d of independent on~di- 
menfion~ NMR rdaxation data. 

The dependence of nuclear rdaxation param~ 
ters on tumbfing times is described in Eqns. 1-3, 
and it is the o-to-0 ratio that determines the 
magnitudes of one- and two-dimenfion~ nuclear 
Overhauser effects [l&30]. For rmple taurocho- 
late detergent micelle~ cross relaxation occurs 
primarily between rites of the rind steroid back- 
bon~ whereas more extenrv~ and different, spin 
communication networks e~st when, according to 
current modds [1,2], the bi~ s~t is cons igned  at 
the perime~r of diPVPC or egg PC mixed micelles. 
If the appearance of two-dimenfion~ nuclear 
Overhauser enhancement cross peaks (negative 
nuclear Overhauser effect~ ~ associated with ~ow 
molecular tumbling [16], then rdative immobifiza- 
tion at rites 25 and 26 of the taurocholate fidech~n 
may be deduced in both back-to-back bi~ s~t 
micelles [2 and in bile s~begg PC mixtures [2,6]. 
No two-dimenfion~ nuclear Overhauser enhance- 
ment cross peaks link the resonances of these 
nuclear spins when the solute is the sho~-ch~n 
phosphatidylcholine diPVPC, suggesting that in 
this later  sys~m the taurocholate ride c h i n  ex- 
tends more ~edy  into the aqueous surroundings. 

Taurocholate solubi~zation ~so ~ters PC 
structure in a manner that depends on acyl c h i n  
~ngth. Whereas proton groupings in diPVPC and 
other sho~-chain phospholipid micd~s are ap- 
parently too floppy to exhibit two-dimen~on~ 
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Fi b 8. Two-dimenfion~ nuclear Overhauser enhancement  (NOESY) spectrum for 50 : 50 taurocholat~egg PC mixture (TC-L), shown 
with a miring time of 300 ms in order to accentuate differences in cross peak in~nfif ies  at different molecular fite~ The lowest 
contour has an in~nf i ty  ~2% of that of  the largest spectr~ peak. 

nuclear Overhauser enhancement cross peaks (N.E. 
Gabf id  and M.F. R o b e ~  unpubfished resdts), 
~ y c e r ~  backbone rites become f i~d enough to 
form a cross re~xation network when the diPVPC 
is present in a bile s~t  detergent m ~ f i ~  For egg 
PC in the same ~ u r o c h d ~ e  enfironmenL spin 
com m u~ c ~ ion  is observed b~ween numerous PC 

rites (and posribly ~so b~ween taurocholate and 
PC molecules). A greater degree of motion~ re- 
. f i c t ion  is infe~ed for this phospho~pid, yet for 
CH2N (and perhaps N(CH3)3~ co .c lar ion  times 
as short as approx. 0.5 ns are estimated from the 
equa~ty of sdective and nonsdecfive r~axation 
rates. 
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TABLE I 

PROTON RELAXATION RATES FOR MODEL BILIARY MIXTURES 

M ~  ~ e  R~(n~ ~ 

100 MHz 200 MHz 400 MHz 

R~(Q a 

4 ~  MHz 

~ % b  
i ~ j  

4 ~  MHz 

Temp. 

C H = C H / C H O  4.1 2.7 1.6 
N(CH3) 3 3.5 2.8 2.4 2.7 -0 .3  
(CH2) . 4.1 2.8 2.0 
25 3~ 2.1 1.4 1.8 - 0 A  
26 3.6 1.2 2.0 - 0.8 
CH2N 5.1 3.3 2.5 2.6 -0 .1  

CH3/19  3.6 2.0 1.4 1.8 - 0 . 4  
18 3.1 2.3 

C H = C H / C H O  2.7 1.3 
N(CH3) 3 3.0 2.6 2.0 2.0 0.0 
(CH2) n 3.9 2.8 1.7 2.0 - 0.3 
25 2.1 1.2 1.5 -0 .3  
26 2.4 1.1 1.7 -0 .6  
C H i N  3.2 2.2 2.4 -0 .2  

CH3/19  3.1 2.1 1.1 1.4 -0 .3  
18 3.1 1.9 

C H = C H / C H O  2.4 1.2 

N(CH3) 3 2.5 2.3 1.8 
(CH2) ~ 3.6 2.5 1.6 1.9 -0 .3  
25 1.8 1.2 1.5 -0 .3  
26 2.0 1.0 1.6 - 0.6 
C H i N  2.5 2.1 2.1 0~ 

CH3/19  2.8 1.7 0.9 1.3 - 0 . 4  
18 3~ 1.8 

C H = C H / C H O  2.4 1.2 
N(CH3) 3 2.5 2.2 1.7 1.8 -0 .1  
(CH2) ~ 3.5 2.5 1.5 1.8 -0 .3  
25 1.7 1.2 1.4 -0 .2  
26 2.1 1.1 1.5 - 0.4 
CH2N 1.8 1.9 -0 .1  

CH3/19  2.7 1.9 1.0 
18 2.9 1.8 

25°C 

30°C 

35°C 

40°C 

a R~(n~ and Ra( ~ in .cam nonse~ctNe and sde~Ne s~n  r d a x ~ n  rate~ respectively. 
b Defined as the &f~rence R~(ns) -  R~(s). 

Because enzymat~ ~polyfis rates are influenced 
by both the presence and identity of substrate 
aggregates [13], it is particularly informative to 
compare the ~ructurfl and dynamic characteris- 
tics of phospho~pid micelles and vesicles. For 
instance, the cross peak between protons at 5.3 
and 0.9 ppm is unique to the micell~solubilized 
egg PC sy~em (compare with ReL 19); it may be 
aafibuted to effident spin diffufion [3~ involving 
the CH=CH and ~ C H  3 acy l  chain groups if ag- 
gregate packing resulu in restricted segment~ mo- 

fions. 1H and 2H R 1 v~ues  are enhanced in t~s  
sy~em as compared with rdaxation ari~ng from 
fast motions in ve~cular aggrega~s [33,3~; these 
resul~ are in accord with more re~ricted motion 
in the micellar sy~ems and support a (rePrised) 
mof ion~ or ion  of this cross peak. An ~ r n ~ N e  
e x p l a n ~ n  of t~s  two-dimens~nM nuclear Ove~ 
hauser enhancement cross peak invokes a hydro- 
phobic interaction b~ween the PC ac~  c h i n  and 
CH 3 19 of the t a u r o c h ~ e  m ~ e c ~  As noted 
above and displayed in Fig. 5, the t a u r o c h ~ o d i -  



PVPC mixed micd~ may exhibh an an~ogous 
in~rmolecular nuclear Overhauser effe~ b~ween 
c h i n  CHE'S and steroid backbone ~tes. 

In contrast to the above, prominent cross peaks 
expected b~ween nearby CHEN and CH:OP 
methylenes of the choline headgroup are absent at 
room temperature for sonicated egg PC veeries 
[19], mixed-chin PC veeries (N.E. Gabrid and 
M.F. Roberts, unpubhshed result~ and both types 
of taurochola~-PC micelles (this work). Given 
that the floppy CH2N segment [6] constitutes a 
break in the spin communication n~work it is 
probab~ that N(CH3) 3 cross peaks at 1.3 ppm 
represent interactions w~h taurocholate rather 
than with the PC acyl ch~n~ In~rmolecular cross 
rdaxafion effec~ have aho been proposed be- 
tween PC mo i r e s  in sonicated verde sy~ems 
[19], though they rem~n unconfirmed in mixed 
c h i n  ~ngth PC verde  assembles (N.E. Gabrid 
and M.F. R o b e ~  unpubfished resultS. 

The picture which emerges ~om this work is 
that ~gnificant dynamic ~ r a t i o n s  to the pho~ 
pholipid components accompany changes of the 
aggregate form ~om verde to micelle to mixed 
micelle. Interaction of bi~ s~t and phospholipid 
is ~so ch~nAength dependent: the taurocholate 
~de c h i n  ~ located in a motion~ly unrestricted 
~te in mixtures with a sho~-ch~n PC, whereas 
this same tau~ocholate ~de c h i n  is motionally 
restricted in both the taurocholat~egg PC sy~em 
and in the pure taurocholate micelle. Dffect inte~ 
action of taurocholate and PC chemic~ ~tes is 
sugge~ed by both chemic~ shi~ changes and 
two-dimen~on~ nuclear Overhauser enhancement 
cross peak~ though the ~aer  features may ~so 
arise from PC-PC interactions. Either ~ru~ur~ 
explanation requires some re,fiction of the PC 
c h i n  motion~ 

Taken together, these NMR rdaxation ~udies 
of ~mple and mixed hpid aggregates demons~ate 
the usefulness of two-dimen~on~ nuclear Over- 
hauser enhancement (NOESY) ~chniques to ad- 
dress ~ructur~ and dynamic questions for micelles 
and ve~de~ One-dimension~ R 1 v~ues hdp to 
ddinea~ the mofion~ contributions to two-di- 
men~on~ nuclear Overhauser enhancement cross 
peak inten~ties, and comparisons among various 
modal substrates offer new in~ght into those 
aspec~ of molecular organization that influence 
enzymat~ a~ack rates. 
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