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31P nuclear magnetic resonance chemical shifts of monomeric and micellar phospholipids are reported. Mi
cellization of dihexanoylphosphatidylcholine as a function of concentration was followed, and the critical micelle 
concentration determined. Che~niical-shift differences and gel permeation cfu:oma.tography were employed to 
follow the solubilization ofmonoineric phospholipids by the nonionic surfactant Triton X-100 to form mixed 
micelles. For dihexan<>ylphosphatidylcholine, a partition coefficient between Triton X-100 micelles and free 
solution was calculated as a function of the Triton X-100 concentration. Dibutyrylphosphatidylcholine was 
only sparingly incorporated into the surfactant micelles in contrast to phosphatidylcholine containing long-chain 
fatty acyl groups, which is completely solubilized. ·· · · -

Introduction 
Nonionic surfactants containing the poly(oxyethylene) 

group have been used widely to solubilize membrane 
phospholipids.1'2 The structures of the pure detergent 
micelles2-6 and the mixed micelles 7 that are formed from 
natural phospholipids and the surfactant Triton X-1008 

have been previously characterized. Solubilization by 
various surfactants in aqueous micellar systems has been 
reviewed recently by Mukerjee,9 and equilibria in mixed 
micelles have been described by Rubingh.10 Although the 
physical chemistry of synthetic short-chain phospholipids, 
which form micelles by themselves, has been studied ex ... 
tensively by Overbeek and co-workers,11 little is known 
about the solubilization of these compounds by detergents 
or about the structure of the resulting mixed micelles. The . 
present study focusses on the incorporation of water-sol
uble compounds (the short-chain phospholipids) at con ... 
centrations below their cmc12 into detergent micelles. · 

Preliminary experiments have shown differences in both 
the 1H and 31P NMR chemical shifts of short- and long-

(1) A. A. Ribeiro and E. A. Dennis, J. Phys. Chem., 80;·17 46 (1976). 
(2) E. A. Dennis, A. A. Ribeiro, M. F. Roberts, and R. J. Robson in · 

"Solution Chemistry of Surfactants," Vol. 1, K. L. Mittal, Ed., Plenum 
Press, New York, 1979, pp 175-94. 

(3) R. J. Robson and E. A. Dennis, J. Phys. Chem., 81, 1075 (1977). 
(4) C. Tanford, Y. Nozaki, and M. F. Rohde, J. Phys. Chem., 81, 1555 

(1977). 
(5) C. U. Hemnann and M. Kahlweit, J. Phys. Chem., 84, 1536 (1980). 
(6) H. H. Paradies, J. Phys. Chem., 84, 599 (1980). · 
(7) R. J. Robson and E. A. Dennis, Biochim. Biophys. Acta, 573,489 

(1979). . 
(8) Triton X-100 is a polydisperse preparation of p-(1,1,3,3-tetra

methylbutyl)phenoxypoly(oxyethylene) glycols, containing an average of 
9.5 oxyethylene units per molecule. 

(9) P. Mukerjee in "Solution Chemistry of Surfactants," Vol. 1, K. L. 
Mittal, Ed., Plenum Press, New York, 1979, pp 153-74. 

(10) D. N. Rubingh in "Solution Chemistry of Surfactants," Vol. 1, K. 
L. Mittal, Ed., Plenum Press, New York, 1979, pp 337-54. 

(11) R. J. M. Tausk, J. ~miggelt, C. Oudshoorn, and J. T. G. Ov
erbeek, Biophys. Chem., 1, 175 (1974); R. J. M. Tausk, J. van Esch, J. 
Karmiggelt, G. Voordouw, and J. T. G. Overbeek, ibid., 1, 184 (1974); R. 
J. M. Tausk, C. Oudshoorn, and J. T. G. Overbeek, ibid., 2, 53 (1974). 

(12) Abbreviations are as follows: cmc, critical micelle concentration; 
phosphatidylcholine, 1 ,2-diacyl-s n-glycero-3~phosphorylcholine; lyso
phosphatidylcholine, 1-acyl-sn-glycero-3-phosphorylcholine; dibutyryl
phosphatidylcholine, 1,2-dibutyryl-sn-glycero-3-phosphorylcholine; di
hexanoylphosphatidylcholine, 1 ,2-dihexanoyl-sn-glycero-3-phosphoryl
choline; phosphatidylethanolamine, 1,2-diacyl-sn-glycero-3-phosphoryl
ethanolamine; lysobutyrylphosphatidylcholine, 1-butyryl-sn-glycero-3-
phosphorylcholine; lysophosphatidylethaholamine, 1-acyl-sn-glycerol-3-
phosphorylethanolamine. 

chain.phospholipids.13-15 Phospholipids containing long 
fatty acyl chains show a characteristic 1H NMR chemi
cal-shift difference of 17-18Hz between the sn-l and sn-2 
a-methylene protons in the presence of Triton X-100, 
whereas monomeric dihexanoylphosphatidylcholine shows 
a chemical-shift difference of only 7-8 Hz in the absence 
of detergent. This latter chemical-shift difference increases 
upon the addition of Triton X-100.14 Preliminary exper
iments have demonstrated that the 31P NMR chemical 
shift of dihexanoylphosphatidylcholine moves upfield upon 
the addition of Triton and becomes similar to egg phos
phatidylcholine,15 suggesting that incorporation into mi
celles occurs provided that the Triton concentration is high 
enough. In the present study, we attempt to test this 
hypothesis and quantitate the incorporation by using the 
phase-separation model for mixed micelle fonnation. Since 
the changes in chemical shift upon solubilization are very 
small, several controls had to be carried out to estimate 
the influence of other parameters on the chemical shift ·of 
phospholipids. 

Experimental Section 
Materials. Egg phosphatidylcholine was prepared from 

fresh egg· yolks by the method of Singleton et al.16 Egg 
phosphatidylethanolamine, prepared by trailsesterification 
of egg phosphatidylcholine, was obtained from Avanti 
Biochemicals. Lysophosphatidylethanolamine was also . 
obtained from Avanti Biochemicals. Dibutyryl- and di
hexanoylphosphatidylcholine and glycerophosphoryl
choline were obtained from Calbiochem or synthesized.17 

Triton x ... 100 was obtained from Rohm and Haas. Bis
(monoacylglyceryl) phosphate was a gift of Dr. Karl 
Hostetler, University of California at San Diego, and do
decylphosphorylcholine was a gift of Dr. H. S. Hendrick .. 
son, Saint Olaf College, Northfield, MN. 

Lysophosphatidylcholine was prepared as follows. Egg 
phosphatidylcholine (1 mmol) in a benzene stock solution 

(13) M. F. Roberts and E. A. Dennis, J. Am. Chem. Soc., 99, 6142 
(1977). 

(14) M. F. Roberts, A. A. Bothner-By, and E. A. Dennis, Biochemistry, 
17' 935 (1978). . 

(15) M. F. Roberts, M. Adamich, R. J. Robson, and E. A. Dennis, 
Biochemistry, 18, 3301 (1979). 

(16) W. S. Singleton, M.S. Gray, M. L. Brown, and J. L. White, J. Am. 
Oil Chem. Soc., 42, 53 (1965). 

(17) C. M. Gupta, R. Rhadakrishnan, and H. G. Khorana, Proc. Natl. 
Sci. U.S.A., 7 4, 4315 (1977). 
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was dried under N2; taken up in 500 mL of an ether/water 
mixture (1:2.5, v /v), and then treated with 1.0 mg of cobra 
venom phospholipase A2 (Naja naja naja). The aqueous 
phase contained 5 mM Ca2+ acetate, 25 mM NaCl, and 50 
mM sodium borate buffer, pH 6.8. The ·mix;ture was al
lowed to react to completion as determined by thin-layer 
chromatograpl1y on silica gel (Brinkman) using the solvent 
system CHC13"""""CH30H-H20 (65:25:4, v fv /v). The ether 
was evaporated, and the mixture was brought to pH 3.0 
and extracted 3 times with an equal volume of CHC13-

CH30H (2:1, v fv). The organic phases were collected, and 
the solvent was evaporated. The residue was carefully 
taken up in the minimum amount of methanol necessary 
to .dissolve it. This solution was then added in portions 
to 12 test tubes containing 30 mL each of cold ether to 
precipitate lysophosphatidylcholine. The tubes were 
centrifuged, and the pellet was washed 3 times with cold 
ether. It gave a single spot on thin.:.layer chromatography 
as described above. Lysobutyrylphosphatidylcholine was 
prepared in an analogous fashion but without ether. Mter 
completion of the reaction, the mixture was lyophilized. 
The resulting solid was then extracted with CHC13-cH30H 
(1:1, vjv) and purified by silicic acid chromatography 
(Unisil, Clarkson Chemical Co.) using a CHC13-CH30H . 
gradient. . · · · · · · 

All phospholipids were routinely checked for purity 
before use by thin-layer chromatography using the solvent 
system described above. Mixed micelles were prepareP, by 
adding solutions of detergent to dry phospholipids; mixing 
was achieved by vortexing and then allowing the foam to 
subside before the sample was used. 

1H NMR Spectroscopy. 1H NMR spectra were obtained 
at 220 MHz with a Varian HR-220/Nicolet TT-100 pulse 
Fourier transform system as described elsewhere.14 

31P NMR Spectroscopy." 31P NMR spectra were ob ... 
. tained at 40.3 MHz with a JEOL PFT-100 system equip ... 

ped with a modified Nicolet 1080 computer and disk. The 
Hetero spin decoupler JMN-SD-HC unit was used with 
a Schomandl ND 100M frequency generator. The tem- · 
perature was 40 :1:: 0.5 °C unless otherwise indicated. For 
chemical-shift determinations, a 6o-70° pulse was em
ployed, and the delay time between pulses was about equal 
to T1 for the phospholipid employed. The T1 measure
ments were carried out by using a 180Q-T-90° pulse se
quence with broad-band proton decoupling.18 The delay 
between pulse sequences was 5T1• A value of 2.5 s was 
found for 10 mM phosphatidylethanolamine and ·12.4 s for 
10 mM · dibutyrylphosphatidylcholine under standard 
conditions as specified below. , 

All chemical-shift measurements were ·carried out in 
Wilmad 516 CC 10-mm coaxial tubes with 5% trimethyl 
phosphate in D20 (v jv) in the outer compartment as a 
reference standard, but all chemical shifts are reported 
relative to 85% phosphoric acid (upfield is positive). The 
chemical shift of the secondary standard was determined 
as -3.02 ::!:: 0.01 ppm. Unless otherwise indicated, the 
samples contained Triton and phospholipid in a molar 
ratio of 8:1, 50 mM Tris-HCl buffer pH 8.0, 10 mM CaC12, 

and 30o/o D20 (standard conditions). The D20 is necessary 
to provide a lock signal. All reported chemical shifts are 
an average of at least three measurements. The variation 
between measurements of the same sample was usually less 
than :1::0.02 ppm when the tube was taken out of the 
spectrometer between the measurements, and afte·r tem
perature· equilibration (10 min) the instrument was read
justed before each determination. Different samples of the 

(18) T. C. Farrar and E. D. Becker, "Pulse and Fourier Transform 
NMR", Academic Press, New York, 1971, pp 2Q-2. 
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same compound prepared under identical conditions in 
different tubes showed variations up to :1::0.04 ppm, al
th~ugh it was usually ::1:0.02 p.pm. The accuracy of chem
ical shifts reported here is therefore estimated to be on the 
order of :1::0.04 ppm. . . 

Determination of Cmc. The cmc of dihexanoyl
phosphatidylcholine was determined by using eq 1. Here 

V = XmonoVmono + XmicPmic (1) 

v is the. observed chemical shift~ "mono is the chemical shift 
below the cmc, "mic is the chemical shift of dihexanoyl
phosphatidylcholine micelles, Xmono is ~he molar fraction 
of .Phospholipid in the monomeric state, and Xmic is the 
molar fraction of phospholipid in the micellar state. The 
ValUes for Pmono and Pmic Were estimated from the experi
mental .data, and a value for the ctnc was assumed in order 
to obtain the best fit of the theoretical curve to the ex
perimental data. 

Determination of Partition Coefficient. The titration 
of monomeric phospholipids with Triton X-100 was carried 
out in the following manner. A solution (3.0 mL) con
taining 50 mM Tris-HCl pH 8.0, 30o/o D20, and 7.5 mM 
phospholipid was placed in the inner compartment, and 
5% trimethylphosphate in D20 (v /v) was placed in the 

· outer compartment of a coaxial NMR tube. The chemical 
shift was meascired at 40 °C, and aliquots of Triton X-100 
from a 500 or 7.5 .mM stock solution were added. The 

. solution was mixed and .allowed to reach thermal equilib
rium (10 min), and the chemical shift was measured twice. 
The temperature and pH were checked several times 
during the experiment and were always found to remain 
constant. 

The fraction of dihexanoylphosphatidylcholine present 
in Triton X-100 was calculated from eq 1 by using the 
relationship Xmono = 1 - xlnic' which results in eq 2. A 

• 

V- "mono 
(2) Xmic = 

"mic- Vmono 

partition coefficient K can be defined19 as showtl in eq 3. 

K = Xmic/ Cpmono (3) 

Here cPmono is the concentration of phospholipid in the 
monomeric state and Xmic is the molar fraction of phos
pholipid in the micellar phase consisting of Triton and 
phospholipid as defined in eq 4. Here cPmic and cTmic are 

Xmic = Cpmic/(Cpmic + CTmic) (4) 

the concentrations of phospholipid and Triton, respec
tively, which. are in micelles. The value for cTmic was 
calculated from the relation cTmic = CTt.ot - CIDOf, where cTtot 
is the total Triton concentration employed and cmer is the 
critical micelle concentration of pure Triton. Using the 
relations cPmic = XmicCPtot and CPmono = (1 - Xmic)CPtotJ ·where 
cPtot is the total phospholipid concentration, and by com
bining eq 3 and 4, one can then determine K from the 
chemical-shift data as shown in eq 5. 

K = 1 Xmic 

XmicCPtot + (CTtot - cmcT) 1 ~ Xmic , 
. (5) 

... 

Gel-Permeation Chromatography. The partitioning of 
dihexanoylphosphatidylcholine into Triton X-100 micelles 
was measured by the equilibrium gel filtration technique 
of Hummel and Dreyer.20 A Sephadex G-100 column (1.5 
X 50 em), thermostated at 40 °C, was equilibrated with 
monomeric · dihexanoylphoshatidylcholine solutions 

(19) P. Mukerjee, J. Pharm. Sci., 60, 1531 (1971). 
(20) G. K. Ackers, Methods Enzymol., 27, 444 (1973). 
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TABLE 1: 31P NMR Chemical Shifts of Phospholipids 
(6 mM) in the Presence of Triton X-100 · 

phospholipid 

phosphatidy lcholine 
lysophosphatidy I choline 
dibutyrylphosphatidy lcholine 
lysobutyry lphosphatidy !choline 
gly cerophosphory lcholine 
dodecylphosphorylcholine 
phosphatidylethanolamine 
lysophosphatidylethanolamine 
his( monacy lgly eery 1) phosphate 

chemical 
shift, ppm 

0.86 
0.37 
0.60 
0.25 
0.09 
0.39 . 
0.15 

-0.26 
0.70 

(0.5--0.75 mM) in 56 mM Tris-HCl buffer, pH 8.0. Samples 
(1.0 mL) of Triton X-100 (5Q-200 mM) were eluted with 
the same buffer~ The Triton concentration in the eluate 
was measured by its absorbance at 276.5 nm while the 
phosp~olipid concentration was detennined by phosphorus 
a~alys1s. 21 The mola~ fraction of phospholipid in the 
micellar phase consisting of phospholipid and detergent 
was obtained as shown in eq 6, where nPmic and nTmic are 

. . . 

Xmic = nPmic/(nPmic + nTmic> (6) 
. 

moles of phospholipid or detergent in the micelles re
spectively. Both can be taken directly from the elu'tion 
profile using an average of the peak and trough for the 
determination of bowid phospholipid. The phospholipid 
monomer concentration, cPmono' is the concentration of 
monomeric phospholipid in the elution buffer. An ap
parent partition coefficient K was calculated according to . 
eq 3.. · 

Results 
31P NMR Chemical Shifts. The 31P NMR chemical 

shifts of various phospholipids determined under standard 
conditions are reported in Table I. The aim of the study 
was to follow the incorporation of monomeric phospho
lipids into detergent micelles, but, since the change in 
chemical shift upon solubilization is small and several 
parameters change slightly during this titration because 
of dilution, the influence of these parameters on the 
chemical shift was first investigated. · 

The chemical shift of egg phosphatidylcholin·e at a 
constant Triton-to-_pbospholipid1'molar ratio of 8:1 varied 
from 0.85 ppm at 3 mM to 0.88 ;ppm at 37 mM, and this 
is within the error· limit of the _.measur~ment. Therefore, 
it is not very critical for repr /ducibility to maintain the 
same absolute concentration !. phospholipid as long as 
the phospholipid-to-detergent ratio'· remains .constant. Also 
for 7 mM dihexanoylphosphatidylcholine, in a mixture 
with Triton X-100 at a detergent-to-phospholipid ratio of 
8:1, the chemical ·shift changed from 0.73 to ""0.72 ppm 
upon dilution with an equal volume of H 20, 100 mM 
buffer, or 100 mM EDTA. Similar results were obtained 
at other detergent-to-phospholipid ratios. The D20 con
centration is also diluted with H20 during the titration of 
the monomeric lipids with. detergent. It was found that 
this has no measurable effect on the chemical shift of 

· dihexanoylphosphatidylcholine. Even for phosphatidyl
. ethanolamine (6 mM), the observed 'change is within the 

·. range of the error limit (from 0.17 ppm at lOo/o D20 to 0.13 
··ppm at 90% D20). T.his phospholipid shows a pH de
pendence of the chemical shift22 with a pKa of 9.75. At 
pH 8.0, however, the difference in degree of protonation 

. 

·· · (21) B. R. Eaton and E. A. Dennis, Arch. Biochem. Biophys. 176 604 
.. (1976). , , 

(~2) E. London and G. W. Feigenson, J. Lipid Res., 20, 408 (1979). 
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Figure ·2. 31P NMR chemical shift of dlhexanoylphosphatldytohOIIne 
(DICePC) in D~ as a fooctlon of concentratiOn. The solution contained 
no fll'ther additives. The best-fit CLIVe Is calculated by using eq 1· and 
assigning "nlOnO = 0.58 ppm, J.'m~c = 0. 76 ppm, and cmc = 11 mM. 

in H20 or D20 is pr~sumably very small but might account 
for the slight change in chemical shift observed. 

The chemical shift of egg phosphatidylcholine relative 
to HaP04 depends on temperature, as shown in Figure 1 
so that all titrations were carried out at a constant tem~ 
perature. 

The effect of Ca2+ concentration on the chemical shift 
of phosphatidylcholine was found to be less than the error 
limit of shift determinations for a sample of 10 mM _egg 
phosphatidylcholine in going from 10 mM EDTA to 10 
mM Ca2+. Similar results were found for. dihexanoyl
phosphatidylcholine. 'fhe anionic bis(monoacylglyceryl) · 
phosphate, however, showed a significant dependence on ~ 
Ca2+ concentration. In the presenc~ of 10 mM Ca2+, the 
chemical shift went from 0. 72 to 0.39 ppm. This change 
was found to be reversible. . · 

Micellization of Dihexanoylphosphatidylcholine. The 
change in 31P NMR chemi~al shift was tised to· follow the 
micellization of dihexanoylphosphatidylcholine in D20 in 
the a?sence of def:ergent, as shown in Figure 2. The signal 
rema1n~ a sharp stngl.et and chang~s only its position upon 
change In concentration. Therefore the exchange between · 
monomers and micelles must be rapid compared to the 
NMR time scale. This is consistent with the results of 
Hershberg et al.23 who employed 1H NMR to study the 
same ~ompound. The curve is drawn by using thejr as- . 
sumptton of a constant chemical shift and constant con
centration of the monomers above the cmc and eq 1. 

The erne of dihexanoylphosphatidylcholine in pure 0 20 
obtained from Figure 2 is 11 mM. This is in good agree
ment with values obtained from 1H NMR (10 mM);23 tsc 
NMR (10.5 mM),24,25 and .refractive-index measurements 

. (23~ R. ~· Hershberg, G. H. Reed, A. J. Slotboom, ~d G. H. de Haas, ·· 
B'ochr,m. Bz.ophys. Acta, 424, ·73 (1976). 

(24) T. T. Allgyer and M. A. Wells, Biochemistry, 18, 4354 (1979). 
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Figure 3. 31P NMR chemical shift of (A) dihexanoylphosphatidylcholine 
(DiC6PC), (B) dibutyrylphosphatidylcholine (DiC4PC), and (C) glycero
phosphorylcholine (GPC) as a function of the concentration of Triton 
X-100. The initial concentration of phospholipid or GPC was 7.5 mM. 
The titration was carried out with 500 mM detergent except for the 
insert to A in which 7.5 mM Triton X-1 00 was employed. In each 
panel, the results of three experiments are plotted (0, D, ~). In B, 
the titration was also carried out with mixed micelles (.&) consisting 
of Triton X-100 (500 mM) and phosphatidylethanolamine (125 mM). 

(11 mM),26 in the range of values obtained from dye in
corporation (9.5-13.8 mM) 27- 30 and slightly lower than 
those from light-scattering (13.8 mM)11 and surface-tension 
measurements (14.6 mM).11 Experimental conditions such 
as temperature, buffer, and D20 content vary slightly 
between the reported values. With our methods, we could 
not determine whether there is a change in the micellar 
properties at a concentration of ""4 times the erne as 
proposed by Hershberg et al.23 and Allgyer and Wells.24 

Titration of Monomeric Phospholipids with Triton 
X-.100. The chemical-shift change upon the addition of 
Triton X-100 to monomeric dihexanoylphosphatidyl
choline is shown in Figure 3A. In the insert to Figure 3A, 
the result of a titration of the same amount of phospholipid 
with a dilute Triton X-100 solution (7.5 mM) is shown. 
The latter titration was carried out to investigate the be
havior of the mixture in the vicinity of the erne of Triton. 
The changes in chemical shift around the erne of Triton 
X-100 are, however, so small that no conclusions about 
differences in solubilization of the phospholipid above and 
below the erne of Triton can be drawn. In a similar fashion, 
the incorporation of dibutyrylphosphatidylcholine was 
investigated (Figure 3B). The incorporation is clearly very 
much smaller than for dihexanoylphosphatidylcholine 

(25) C. F. Schmidt, Y. Barenholz, C. Huang, and T. E. Thompson, 
Biochemistry, 16, 3948 (1977). 

(26) 0. A. Roholt and M. Schlamowitz, Arch. Biochem. Biophys., 94, 
364 (1961). 

(27) G. H. de Haas, P . P. M. Bonsen, W. A. Pieterson, and L. L. M. 
van Deenen, Biochim. Biophys. Acta, 239, 252 (1971). 

(28) P. P. M . Bonsen, G. H. de Haas, W. A. Pieterson, and L. L. M. 
van Deenen, Biochim. Biophys. Acta, 270, 372 (1972). 

(29) W. A. Pieterson, Ph.D. Thesis, Rijksuniversiteit Utrecht, The 
Netherlands, 1973. 

(30) M . A. Wells, Biochemistry, 13, 2248 (1974). 
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Triton ( mM) 

Figure 4. Apparent partition coefficient K of dihexanoyl
phosphatidylcholine as a function of Triton X-1 00 concentration. K is 
determined from the chemical-shift measurements shown in Figure 3A 
for three experiments (0, D, ~)as described in the Results. A scale 
for the total mole ratio Triton/phospholipid is also shown. This scale 
is not linear with respect to Triton concentration because of the dilution 
during the titration. The initial phospholipid concentration at 0 mM Triton 
was 7.5 mM. The uppermost scale shows the molar fraction of 
phospholipid in the micellar phase, Xmlc = CpmJc/(cPmJc + Crmtc), cal
culated for the average line shown. 

under the same conditions, and at low Triton X-100 con
centrations this compound is nearly completely in the 
monomeric state. When the titration of dibutyryl
phosphatidylcholine was carried out with a mixture of 
Triton and phosphatidylethanolamine at a molar ratio of 
4:1, the incorporation of this short-chain phospholipid into 
the micelles was not enhanced (Figure 3B). As an addi
tional control to monitor effects on the chemical shift 
during the titration other than solubilization, a titration 
of glycerophosphorylcholine was carried out analogously. 
As can be seen in Figure 3C, the chemical shift does not 
change significantly. 

The formation of detergent micelles can be treated 
quantitatively by a phase-separation model, and the mixed 
micelles can be considered as a pseudophase.31- 35 In the 
calculation of a partition coefficient, eq 2 was solved by 
setting Vmono equal to 0.59 ppm (which is the average value 
for 7.5 mM dihexanoylphosphatidylcholine in the absence 
of Triton X-100 in Figure 3A), and vmic was set at 0.80 ppm 
(which was estimated from the values at high Triton X-100 
concentrations). This calculation is based on the as
sumption that the electronic environment for phospholipid 
molecules in the mixed micelles changes only negligibly 
when going from mixed micelles with high phospholipid 
content to those with low phospholipid content, so that 
all micellar dihexanoylphosphatidylcholine molecules show 
the same vmic· Because in all titrations the NMR signal 
remained a sharp singlet, the exchange between monomer 
and micellar phase is rapid compared to the NMR time 

(31) G. Stainsby and A. E. Alexander, Trans. Faraday Soc., 46, 587 
(1950). 

(32) K. Shinoda, J. Phys. Chem., 58, 1136 (1954). 
(33) E. Hutchinson, A. Inaba, and L. G. Bailey, Z. Phys. Chem. 

(Frankfurt am Main), 5, 344 (1955). 
(34) E. Matijevic and B. A. Pethica, Trans. Faraday Soc., 54, 587 

(1958). 
(35) K. Shinoda in "Colloidal Surfactants," K. Shinoda, T. Nakagawa, 

B.-I. Ta.mamushi, and T. Isemura, Eds., Academic Press, New York, 1963, 
pp 1-96. 
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Figure 5. Elution profile of 195 p.mol of Triton X-1 00 on a Sephadex 
G-1 00 column preequilibrated and eluted with buffer containing 0.62 
mM dihexanoylphosphatidylcholine (DiC6PC) and 50 mM Tris-HCI, pH 
8.0. 

TABLE II: Apparent Partition Coefficient for 
Dihexanoylphosphatidylcholine between Triton X-100 
Micelles and Water as Determined by Sephadex G-100 ... 
Gel Chromatography 

Triton X-100 
applied to 

column, p.mol 

25 
70 

100 
195 

Triton X-100 
elution peak, mM 

1.8 
9 

15 
23 

Triton 
X-100 

av across 
peak, mM 

0.8 
4 
5 

10 .. 

goa 
58 
60 
45 

a The very low amount of bound phospholipid intro
duces a large uncertainty in this value. 

scale allowing the use of eq 1. 
K was calculated according to equation 5 and plotted 

in Figure 4 as a function of Triton concentration and 
Triton-to-phospholipid mole ratio. Also shown in Figure 
4 are the approximate micelle compositions, expressed as 
molar fraction of phospholipid and calculated according 
to eq 4. The Triton monomer concentration in this ti
tration is not known but was assumed to be 0.25 mM 
which is the erne of pure Triton.36 This erne would not 

· be expected to be significantly different in the presence 
of the buffer employed.36 The influence of the formation 
of mixed micelles on the Triton monomer concentration 
or deviations from the phase-separation model, which 
assumes constant monomer concentration, are not known. 
Although in principle it should be possible to devise a 
method to determine cTmic directly, for all but the lowest 
two Triton concentrations employed, the error introduced 
in cTmic by uncertainty in the monomer concentration is 
negligible. 

Gel-Permeation Chromatography. A typical elution 
profile is shown in Figure 5. The amount of phospholipid 
bound to Triton X-100 micelles was calculated according 
to the method of Hummel and Dreyer20 using an average 
of the peak and trough for this determination. The re~ 
suiting values of K that can be calculated from these re
sults are shown in Table II. To allow comparison with 
the NMR data in Figure 4, we have given both the average 
Triton concentration across the elution peak and the peak 
Triton concentration. Whichever Triton concentration is 
used for comparison, the K obtained is in quite good 
agreement with that obtained by NMR, but it should be 
noted that, with gel chromatography at the very low Triton 

(36) A. Ray and G. Nemethy, J. Am. Chem. Soc., 93, 6787 (1971). 
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concentrations, the measurement of the small amount of 
bound phosph~lipid is probably accurate to only ::l:25o/o, 
anf thus there Is a larger error in the determination of K. 

H N:ftt!R Sp~ctr?scopy. For 10 mM dibutyryl
phosphatidylcholine In D20, the chemical-shift difference 
between the sn-1 and sn-2 a-CH2 groups was determined 
in the absence and the presence of Triton X-100 at a de
tergent-to-phospholipid ratio of 8:1. The chemical-shift 
difference remained constant at 6-7 Hz. This value is 
consistent with monomeric phospholipid.t4 

Discussion 

The solubilization of compounds that are essentially 
water insolubl~ was first followed by NMR by Nakagawa 
and Tori37 and Eriksson and Gillberg.38 In the experi
ments reported here, the incorporation of water-soluble 
dihexanoylphosphatidylcholine at a concentration below. 
its erne by Triton micelles was followed by recording the 
chan~e in the 31P NMR chemical shift upon the addition 
of Triton X -100, and a partition coefficient was calculated. 
The 31P NMR results are in quite good agreement with the 
gel filtration equilibrium binding experiments. This shows 
that. t?e assu~p.tions used in the calculation of a phase 
partition coefficient from 31P NMR data are justified as 
a first approximation. 

During the titration, the combined effects of the dilution 
of phospholipid, buffer, and D20 and a possible change in 
bulk diamagnetic susceptibility must be very small, be
cause glycerophosphorylcholine shows little change in . 
che.mical shift during an analogous titration (Figure 3C). 
This compound has no hydrophobic residues and should 
therefore moriitor all effects other than solubilization that 
lead to a chemical-shift change during the titration. 
~urther~ore, the control ~xperiments with egg phospha
tidylchohne show that neither these dilution effects nor 
s~all changes in temperature could cause large quantita
tive errors. 

In contrast to dihexanoylphosphatidylcholine the 1H 
d 31 ' an P NMR results. presented here show that di-

?utyryl:phosphatidylc~oline is only sparingly incorporated 
Into Triton X-100 micelles, even at high detergent con
centrations. This is consistent with previous gel-chroma
tography studies.15 Since Vmono is the same for both di
butyryl- and dihexanoylphosphatidylcholine, if it is as
swn~d that vmic is also the same for both lipids, the fraction 
of dibutyrylphoshatidylcholine solubilized as a function 
of Triton concentration can be estimated from the data 
in Figure 3. For example, at Triton concentrations below 
50 mM, at most 5o/o of the dibutyrylphosphatidylcholine 
could be present in the micellar phase. Also the solubi
lization is not improved even if the titration i~ carried out 
in the presence of a long-chain phospholipid (Figure 3B) 
that is present in the mixed micelles. Therefore di
butyrylphosphatidylcholine can serve as a monomeric 
reference compound, and egg phosphatidylcholine, which 
is completely solubilized by Triton X-100 39 can serve as . ' a micellar reference compound. Dihexanoyl-
phosphatidylcholine is in an intermediate position between 
these two extremes depending on the detergent concen
tration as shown by the 31P NMR, 1H NMR, and gel
chromatography studies reported here. 

The concentration of monomeric phospholipid cPm was 
calculated on the basis of the total volume rather th~ the 
volume of only the water phase, but the difference between 

(37) T. Nakagawa and K. Tori, Kolloid- Z., 194, 143 (1964). 
(38) J. C. Eriksson and G. Gillberg, Acta Chem. Scand. 20 2019 

(1966). ' ' 
(39) E. A. Dennis, J. Supramol. Struct., 2, 682 (1974). 



31P NMR Studies on Phospholipid-Detergent Micelles 

the two approaches should be negligible. When the micelle 
volume (calculated from the known partial molar volumes 
of Triton X-10040,41 and of phospholipid11) is taken into 
account and even if a hydration of 1 g of H 20 per g of 
Triton X-100 is assumed3 so that cPmono increases accord
ingly, the value of Kat 50 mM Triton X-100 decreases by 
only 6.5%. At lower Triton concentrations, the effect is 
even less and within the experimental error of the K de
termination. 

The apparent phase partition coefficient changes rela
tively little over at least a 50-fold change in detergent 
concentration. This can be taken as further evidence that 
a simple phase-separation model can be used to describe 
the solubilization behavior of dihexanoylphosphatidyl
choline with reasonable accuracy, although an ideal solu
bilization behavior can clearly not be expected10 from two 
substances with such different structures as the phos
pholipid and Triton X-100. · 

Usually the observed partition or distribution coefficient 
is replaced by a thermodynamic equilibrium constant, and 
activity coefficients are introduced. The activity coeffi
cients can be taken as unity either for the pure solubilized 
component as the standard state or for the solubilized 
component in infinite dilution in the detergent micelle as 
the standard state. In the present case, however, the un
certainty in the observed partition coefficient increases 
tremendously for the very high and very low concentrations 
of phospholipid in the detergent micelles. This is due to 
the fact that in both extreme regions very small differences 
from a plateau region are measured. It was also not pos
sible to deduce the limiting behavior of the partition 
coefficient by extrapolation with sufficient accuracy in 
either region. We therefore report only the apparent 
partition coefficients. 

A trend in the solubilization behavior of dihexanoyl
phosphatidylcholine can be seen in Figure 4. Its solubility 

(40) S. Yedgar, Y. Barenholz, and V. G. Cooper, Biochim. Biophys. 
Acta, 363, 98 (1974). 

(41) C. Tanford, Y. Nozaki, J. A. Reynolds, and S. Makino, Biochem
istry, 13, 2369 (1974). 
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in the detergent micelles increases with the mole fraction 
of phospholipid already in the micelles, if the micelles are 
concentrated in phospholipid. On the other hand, it stays 
nearly constant if the mole fraction of phospholipid in the 
micelle phase is below 0.1. There are several possible 
explanations for this phenomenon. (1) A cooperativity in 
the phospholipid binding to the micelles would suggest that 
at least at high phospholipid-to-detergent ratios the 
phospholipid is not randomly dispersed but might be ar
ranged in smaller aggregates. (2) A structural change of 
the mixed micelle could occur with increasing phospholipid 
ratio. This might cause phospholipid to be bound more 
tightly by micelles already having a high phospholipid 
content. A gradual structural change is consistent with 
our data; however, there is no evidence for a sudden 
transition at a ce~ Triton-to-phospholipid ratio. At low 
Triton-to-phospholipid molar ratios, the mixed micelles 
might be better pictured as phospholipid micelles with 
some Triton intercalated. A coexistence of small phos
pholipid aggregates, Triton micelles, and mixed micelles 
in different proportions at different Triton-to--phospholipid 
ratios cannot be excluded. (3) The apparent cooperativity 
is also consistent with a simple effect of the size or shape 
of the detergent micelles on solubilization, caused by an 
increase in concentration of detergent dwing the titration, 
independent of the detergent-to-phospholipid ratio. At 
the present time we cannot distinguish between these 
models or a combination of them. This will only be pos
sible when more structural data on this mixed micelle 
system become available. 
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