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Hydrated reversed micelles of Aerosol OT (AOT) in octane have been studied by 13C NMR 
spectroscopy. The changes of spin-lattice relaxation times (T1) for individual segments of the 
AOT molecule, induced by entrapping a protein (ex-chymotrypsin) into the micelle, have been 
determined by the inversion-recovery technique. The dramatic (three-fold) increase of Tl found 
for the ex-CH2 groups in the AOT molecules indicates that (unlike in the unfilled micelle) in the 
protein-containing micelle the boundary of the water cavity i~ shifted outward (0'5-0'7 nm, 
under the given experimental conditions), the alkyl chains of the surfactant being "flooded" by 
water molecul~s. This observation explains why the outer size of the reversed micelle does not 
change on insertion of a bulky protein molecule. 

Micellar enzymology investigates enzymes (proteins) entrapped into hydrated re
versed micelles of surfactants in organic solvents1 - 6. One of the crucial problems of 
this discipline is the question of structure: to understand structure-function rela
tionships studied by micellar enzymology, it is important to know whether there is 
any structural change in a reversed micelle (aggregation number, hydration degree, 
geometric dimensions and conformation) upon entrapping protein molecule, and if 
so, what is the extent of such change. 

The literature offers two diametrically different models of protein-containing 
reversed micelles. According to the water-shell model (Fig. 10), suggested by Luisi 
and collaborators2 ,7,8, the inclusion of a protein molecule is invariably accompanied 
by an increase of the micelle size, and the filled micelle contains more surfactant 
and water molecules than before the inclusion (as the result of redistribution of these 
micellar components between the filled and unfilled micelles). An alternative model, 
suggested by US9 ,10, assumes that such increase in size on entrapping a protein takes 
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place, of course, when the inner cavity of the unfilled micelle is smaller than the 
protein molecule (the induced fit model, see Fig. 1b); in this case inclusion of a pro
tein can, in principle, increase the aggregation number of the surfactant as well as 
the degree of hydration, depending on the character of the protein. In contrast 
with the water-shell model (Fig. 1a), if the size of the unfilled water cavity exceeds 
(or approximately equals) that of the protein molecule, the protein entrapping may 
not lead to any substantial increase of the reversed micelle (the fixed size model, see 
Fig. 1 c). 

Sedimentation measurements9 ,lO have confirmed the fixed size model for water
-soluble (hydrophilic) proteins such as trypsin, chymotrypsin, lysozyme, egg white 
albumin, horse liver alcohol dehydrogenase and y-globulin. It has been found 9 ,lo 

that the increase in volume, if any, of the protein-containing micelle (approximated 
as a sphere) is at most 10% (even when the protein molecule and the water cavity 
in the unfilled micelle are of the same size). The protein-containing micelle contains 
practically the same number of both surfactant and water molecules as the unfilled 
one; strictly speaking, the observed mass of the new aggregate is equal to the sum 
of masses of the protein an<,l the empty micelle. 

Although these (at the first glance surprising) findings 9 ,lO met with some doubts2,8, 

the recent studies based on direct physical methods such as quasi-elastic neutron 
scatteringll ,12 and photon correlation spectroscopy12 have confirmed the validity 
of our fixed size model. It is worth notice that the confirmation experimentsll ,12 
were performed with the same hydrophilic protein (chymotrypsin) which had been 
used in our earlier investigations9 ,lo. 

On the other hand, solubilization of myelin basic protein (MBP) in reversed micel
les of AerosolOT in iso-octane is accompanied by some deviations from an ideal 
fixed size model, as found13 by the quasi-elastic light scattering method. We assume 
that the observed 13 deviations are due to the capability of MBP to interact with lipid 

FIG. 1 

Hypothetical models for solubilization of 
protein molecules (radius rp) in reversed 
micelles (outer radius RM , inner cavity 
radius rM) under formation of protein-con
taining micelles (outer radius R MP' inner 
cavity radius rMP): a water shell model: 
R MP > RM and rMP > rp, independent of 
the rp/rM ratio; b induced fit model: R MP > 
RM and r MP ~ rp, when rp > rM; c fixed 
size model: RM ~ R MP' when rp ;£ r M 
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membranes14• In actual fact, it has been recently found by French authorslS that 
(in contrast with an unfilled micelle) the hydrodynamic radius of a reversed MBP; 
-containing micelle depends substantially on the surfactant concentration. Extrapola
tion of these data to zero concentration of the surfactant giveslS again an oIlly one 
value of hydrodynamic radius for both the protein-containing and the empty micelles 
(naturally, at a sufficiently high degree of surfactant hydration, enabling free insertion 
of the protein molecule into the water cavity; see Fig. Ie). 

The validity of the fixed size model can be regarded as proven at least for the 
above-mentioned proteins9-12.1S; yet there is still an unsolved problem: what 
change in the inner structure of a reversed micelle occurs, under retention of the 
outer size, when a bulky protein molecule is entrapped into the micelle (Fig. le)1 
Without answer to this question doubts2.8 •16 might still persist whether the fixed 
size model reflects indeed physical reality. 

Since much information in this respect can be gained from 13C NMR spectroscopy, 
we used this method to follow changes in the spatial arrangement of water and sur
factant molecules induced by inclusion of a.-chymotrypsin in reversed micelles of 
AerosolOT in octane. We chose a.-chymotrypsin because it has been shown9- 12 

by several methods ( see above) that this protein conforms the fixed size model. 

EXPERIMENTAL 

ot-chym:>tryp,in (EC 3.4.21.1) (Biokhimreaktiv, Olaine, U.S.S.R.). was purified by gel filtration 
on a Sephadex G-75 column in 1O-3M-HCI and lyophilized. According to the active center 
titration with N-trans-cinnamoylimidazole17, the active enzyme content in the preparation was 
higb~r than 80%. 

Sodium 1,2-bis(2-ethylhexyloxycarbonyl)-I-ethanesulfonate (AerosoIOT; AOT), purchased 
from Merck, was purified18 and dried in vacuo at 40°C. The purity of the obtained preparation 
was checked as described by Levashov et al.18• Octane was a Reakhim (U.S.S.R.) product. 

Preparation 0/ micellar sollutions. An aqueous solution of 0'05M Tris-HCl buffer (pH 8'0) was 
added to 0'4M solution of AOT in octane by means of a microsyringe until the required hydration 
degree was achieved; see "Selection of experimental conditions" discussed below. The molar 
concentration ratio [solubilized waterl/[AOT] in the micellar solution was then checked by 
IH NMR spectroscopy. 

Lyophilized enzyme was added with shaking to the obtained solution of hydrated reversed 
AOT micelles in octane as described by Menger and Yamada19 and the mixture was incubated 
at room temperature for 15 h. Negligible amount of undissolved protein was separated by 
centrifugatbn. The cO:1centration of ot-chymotrYP3in in the obtained solution was determined 
by weighing, and then checked spectrophotometrically17 at 280 nm. 

Spectral measurements. Proton NMR and broad-band proton-decoupled 13C NMR spectra 
were obtained at 25°C in the FT mode on a Tesla BS-567A spectrometer at 100 MHz and 
25·142 MHz, respectively. For the IH NMR measurements the pulse length was 9 IlS and the 
acquisitiori time 1·069 s in one scan; for 13C NMR measurements the respective values were 
8 IlS and 1·069 s, with 200 acquisitions. An external coaxial capillary of deuterium oxide was 
used to maintain lock. Tetramethylsilane was used as internal reference. 
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The 13C spin-lattice relaxation times (T1) for AOT in reversed micelles were determined using 
the inversion-recovery method (pulse sequence 180° - T - 90° - T). The pulse interval T 

varied from T to 0'05 s and the waiting time T was longer than 5T1 for full relaxation of all the 
13 C nuclei. The values of Tl were calculated20 as follows: 

T 
In CAoo -- AT) ~ In 2Ao:, - -;r- ' 

1 

(1) 

where AT is the signal intensity after 90° pulse for the given T, and A 00 is the limit value of A. 
for the longest T. The values of Tl were obtained from the slope of the plot of In (A 00 - A.) 
versus 1: by the least squares refinement; the relative error did not exceed 2%. 

Selection of experimental conditions. The dimensions of ex-chymotrypsin molecule21 are 
4 x 4 x 5 nm. It may be approximated as a sphere of the same volume (about 41 nm3 ) with a radius 
of 2·15 nm. The size of inner cavities of the reversed AOT micelles in octane depends22 on the 
hydration degree. We have chosen the molar ratio [H20]/[AOT] = 12 at which the water cavity 
in the reversed micelle has a radius of 2·21 nrn, according to Eicke and Rehak22 . This means 
that, under the conditions of our experiment, the volume of the inner cavity in an empty micelle 
(45 nm3) slightly - about 10% - exceeds that of the enzyme molecule (41 nm3). 

RESULTS AND DISCUSSION 

In the discussion we shall adhere to the already ascertained fact9 ,10 that (under the 
above-mentioned conditions) the amount of water and the aggregation number 
of AOT are the same both in the protein-containing and in the protein-free micelle. 
In such case a simple calculation shows that water molecules in the micelle form an 
about 0·6 nm thick layer around the entrapped enzyme (at the given volume ratio 
of the water cavity to the ex-chymotrypsin molecule, vide supra). In terms of the 
fixed size model (with unchanged outer size of the protein-containing micelle; see 
Fig. 1 c) this means that water molecules are expelled from the inner cavity, pene
trating into the outer shell (as far as the hydrocarbon chains of the AOT molecules). 
The situation is depicted schematically in Fig. 2. 

FIG. 2 

Scheme of expulsion of water from the inner 
cavity of a reversed AOT micelle on inclusion 
of protein molecule (fixed size model in 
Fig. I) 
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For detection of such process (and particularly, changes in microenvironment of the 
alkyl chains in the surfactant molecules) we made use of 13C NMR spectroscopy 
which has already proven23 its advantages in the study of colloidal systems of 
polymers. 

13C NMR Spectra of AOT 

The observed 13C NMR spectra of reversed micelles of AOT in octane are in accord 
with those obtained for other organic solvents24 - 26 • The chemical shifts (with tetra
methylsilane as internal reference) are given in Table I. To check the assignments, 
we calculated the chemical shift values according to the additive scheme of Lindeman 
and Adams27• 

As seen from Table I, inclusion of oc-chymotrypsin into the micellar system affects 
only little the chemical shifts. 

Carbon-13 Spin-Lattice Relaxation 

The octane signals (14'26; 23·26; 30·02 and 32·63 ppm) practically obscur the signals 
occurring in the region 14·60-34·20 ppm (see Table I). Therefore, the relaxation 
times Tl of side chains in the AOT molecules were evaluated only for the nuclei 
CO-2,2', CH2-3,3', CH-l', CH-4,4' and CH3-10,1O'. 

TABLE I 

Chemical shifts of 13C{lH}NMR signals (relative to tetramethylsilane) of reversed AOT micelles 
(O·4M) in octane, containing solubilized aqueous buffer solution (0·05M Tris-Hel, pH 8·0). 
Hydration degree, [H20]/[AOT] = 12. For numbering of the 13C carbon nuclei, see Fig. 3 

Signal 

CH3-1O,1O' 
CH3 -8,8' 
CH2-7,7' 
CH2-9,9' 
CH2-5,5'; 6,6' 
CH2 -1 
CH-4,4' 
CH-l' 
CH2 -3 
CH2 -3' 
CO-2 
CO-2' 

Chemical shift (15, ppm) 

without with 0·8 mM 
protein a-chymotrypsin 

11·56 11·56 
14·60 14·60 
23·72 23·72 
24·20 24·18 
30·80 30·80 
34·20 33·55 
39·26 39·13 
61·97 61·76 
67·18 67·18 
68·83 68·83 

169·87 170·26 
171·75 172·09 
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The 13C NMR spectra of reversed micelles of AOT in octane, obtained by the 
inversion-recovery method, are depicted in Fig. 3. The values of Tb obtained ac
cording to Eq. (1), are listed in Table II. 

In the absence of protein, the terminal CH3-10,10' groups exhibit rather long 
spin-lattice relaxation times (Table II). The mobility of the other hydrocarbon 
groups in the AOT molecule is hindered by their dense packing inside the nonpolar 
shell region. 

As evident (Table II), the CO-2,2' groups are characterized by the longest spin
-lattice relaxation times (in the absence of protein); obviously20, the reason is that 
the 2,2' carbons have no hydrogen substituents. Introduction of (X-chymotrypsin 
into the micellar solution decreases the Tl values of the carbonyl13C nuclei (Table II). 
Perhaps, their lower mobility is due to contact with the surface of the enzyme globule. 

On the other hand, the segmental mobility of the (X-CH2 alkyl groups in positions 3 
and 3' increases when the protein is added. The observed change (threefold increase, 
Table II) of Tl is quite dramatic (cf. ref.20). We assume that it results from a sub
stantial change in the microenvironment of the segments in question. 

Fine Structure of the Fixed Size Model 

On the basis of the found spin-lattice relaxations for the individual carbons of the 
AOT molecule (Table II) we suggest the following model for protein entrapment 
into a micelle. In a protein-containing micelle (in contrast to an empty one) the level 
of water is shifted outward, so that water entirely "floods" the (X-CH2 groups at 
positions 3 and 3', whereas it only slightly affects the 4- and 4'-CH groups. Finally, 
the 10- and 10'-CH3 groups are completely unaffected as seen from the practically 
unchanged value of Tl (Table II). 

Consequently, on entrapping protein molecule into a hydrated reversed micelle 
the boundary of the water cavity (Fig. 2) is shifted 0,5-0,7 nm outward as compared 
with the unfilled micelle. Our estimation of this shift (about O' 5 - O' 7) nm is based 
on the size of the AOT molecule26 and agrees with the value (0'6 nm) calculated by 
us (vide supra). 

Inspection of molecular models, constructed on the basis of available data on 
conformation of AOT molecules in reversed micelles24,25,28,29, confirms that the 
suggested expulsion of water from the micellar core is possible; in the areas where 
the AOT polar heads are bonded to the hydrocarbon tails (Fig. 2) there are cavities 
quite capable of hosting the expelled water molecules. 

The thermodynamics of the mentioned change in the inner micellar' structure 
deserves comment. In itself, the assumed forced contact of water with hydrophobic 
side-chains of the surfactant molecule should be thermodynamically unfavourable. 
However, the possible free-energy loss in this part of the micelle may be compensated 
by the gain resulting from interaction of AOT with the enzyme (e.g. formation of 
hydrogen or electrostatic bonds). 
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TABLE II 

Spin-lattice relaxation times, T1(s), of 13C nuclei in reversed AOT micelles (0·4M) in octane, 
containing solubilized aqueous buffer (0·05M Tris-HCI, pH 8·0). Hydration degree, [H2 0]/ 
/[AOT] = 12. For numbering of the 13C carbon nuclei, see Fig. 3 

Relaxation time, s 

Signal 
without protein 

CH-l' 0·113 
CO-2' 1·99 
CO-2 2·53 
CH2-3' 0·099 
CH2-3 0·136 
CH-4,4' 0·235 
CH3-1O,1O' 1·45 

9 10 
CH2-CH3 

, 2 3 I 
CH2-CO ··0 - CH2 - CH -Cl-'2 - CH2 - Cc'2 - CH3 

I 4 5 6 7 B 

I.' .. ' 6' 7' 8' 
(+1\-), ~ 

,'.a U3S-CH-CO-C -CH2-CH -CH2- CH~ - C!'l- CH3 
" 2' 3' I 

CH2-CH3 
g' 10' 

FIG. 3 

~, 

L 

with 0·8 mM 
a-chymotrypsin 

0·155 
1·72 
2·11 
0·336 
0·369 
0·262 
1·44 

3'31' 

4,4' 

10,10' 

~l 
~ 

Inversion-recovery 13C{lH} NMR spectrum of reversed AOT miceIIes (0'4M) in octane, con
taining solubilized aqueous buffer (0'05M Tris-HCI, pH 8'0). Hydration degree, [H2 0]/[AOT] = 

= 12·0; 0·8 mM a-chymotrypsin 
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CONCLUSION 

The presented mechanism of protein entrapping into a reversed micelle without 
change in its outer size may be of importance for membranology. Biological mem
branes consist not only of lipid bilayer30 but also evidently contain various non-bi
'ayer structures, particularly lipid particles of reversed micelle type3 1.3 2 ; for review, 
see refs1. 33 . Therefore, in view of our present results we can assume that some pro
teins (enzymes) incorporate into the biomembrane according to the fixed size model, 
without altering substantially the volume or conformation of the membrane (Figs 1c 
and 2). 

Moreover, our description of the spatial arrangement of water and surfactant 
molecules in the AOT reversed micelles is in accord with recent results34 of studies 
on the hydration of lipid bilayers in biological membranes. According to Scherer34, 

"water is not constrained to a separate layer but is free to occupy the whole of the 
hydrophilic part of the bilayer. The reason for this lies in the existence of large voids 
in the head-group region that can accommodate water". As a result, the apparent 
partial molar volume of water in biological membranes depends34 critically on the 
degree of lipid hydration, varying from 0·03 nm3 (in pure water) to zero. In our 
model (micellar) system9 ,10, the apparent partial molar volume of water drops to 
zero when the protein is added. This is the reason why protein entrapping into 
a reversed micelle proceeds without change in the outer size of the micelle. 
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