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Three proteins (horse liver alcohol dehydrogenase, ribonuciease, lysozyme) were solubilized
in hydrocarbon with the help of reverse micelles formed by aqueous di(2-ethyl-hexyl)
sodium sulfosuccinate (AOQT). Sedimentation and diffusion coefficients of the micellar
aggregates were measured with an analytical ultracentrifuge. Partial specific volumes were
also evaluated from density measurements. The molecular weight of the protein-containing
reverse micelles (M.} could thus be determined for each protein system at various w, values
{w, ={H,0]/[AOT]). For horse liver aleohol dehydrogenase at wy = 46.4, for example, M, is
ca. 2,670,000 Daltons; for lysozyme at wy = 22.5, M, is ca. 323,000 Daltons and increases by
increasing wo. On the basis of these experimentally determined molecular weights, a
structural model for the protein-containing reverse micelle is proposed. The model is based
upon the assumption that the protein is confined in the water pool of a spherical micelle, and
that the inner core volume is the sum of the protein volume and the volume of all water
molecules present in a micelle. It is possible then to calculate the micellar structure at each w,
value. For example, in the case of ribonuclease at w, = 20, the inner core radiusisca. 37.5 A,
and a layer of water of ca. 22 A separates the protein surface from the surfactant layer. The
possible implications of this model for the reactivity of enzymes solubilized in hydrocarbons
by reverse micelles are discussed.

INTRODUCTION

Certain surfactants, when dissolved in apolar solvents, tend to form aggre-
gates, viz. the so-called reverse micelles, in which the polar heads of the
surfactant molecules are confined in the internal core (1-3). Reverse
micelles have also found interest in connection with biological systems. For
example, Wells and collaborators (4-6) have described a system in which
phospolipase was solubilized in diethylether/methanol by using reverse
micelles of phosphatidylcholine. The study of such a system is still being
actively pursued (7,8). Quite recently, this approach has been broadened
and new aspects have been introduced to include various surfactants and
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hydrophylic enzymes solubilized in different hydrocarbon solvents. The
groups of Martinek et al. (9), Menger and Yamada (10), Dozou et al. {11),
and our own (12-14) have described these reverse micellar systems in a
series of preliminary papers.

There are several possible lines of inquiry in the study of enzyme-
containing reverse micelles. For example, one might be interested in the
catalytic aspects of such systems for either fundamental studies or technical
applications, or in the structure-stability relationship of such aggregates, or
in the mass-transport phenomena of the various components of the aggre-
gate. Finally, protein-containing micelles can be interesting as models for
biological systems, as already exemplified by the work on phospholipase
(4-8) and by some other recent studies, which suggest that reverse micelles
can be one of the mechanisms by which certain membranes assemble in vivo
{(15).

In the present work, we address the question of structure. We develop a
model for protein-containing reverse micelles based on centrifugal
measurements of sedimentation and diffusion coefficients as well as
experimentally determined partial specific volumes. This is done for ribo-
nuclease (RNase) and for horse liver alcohol dehydrogenase (LADH) in the
system sodium di(2-ethyl-hexyl) sulfosuccinate (AQOT)~water~isooctane, as
well as for lysozyme in AOT-water—n-octane. This model, which pictures
the protein residing in a pool of water inside a more or less spherical micelle,
should be considered only a first approximation. It involves a number of
assumptions that will be subjected to further investigation. We show,
however, that such a model appears reasonable in terms of material
balances, molecular weights, sizes of equivalent spheres, and, as will be
shown in the sequel to this paper, also in terms of spectroscopic properties
and enzymatic activity.

MATERIALS AND METHODS

The enzymes horse liver alcohol dehydrogenase (LADH), and ribo-
nuclease were obtained from Boehringer, and lysozyme was obtained from
Fluka. Water solutions of LADH were obtained and assayed as described
previously (30), and solutions of the other two enzymes were prepared by
dissolving the enzyme powder into buffer. Concentrations were calculated
on the basis of literature extinction coefficients, i.e., 35,300 M ™' cm™ for
LADH (16), 9700 M ™' ecm™ for ribonuclease (17), and 37,900 M ™" cm™’
for lysozyme (18). Isooctane puriss. was purchased from Fluka, and #n-
octane purum (Fluka) was distilled over P,0;. AOT was obtained from
Serva and purified as described in the literature (19). Despite repeated
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purification steps, UV-absorbing impurities were still present in our final
preparations. Typically, a 50 mM AOT solution in hydrocarbon had an
absorbance of 0.02 at 280 nm. The enzyme micellar solutions were prepared
by injecting (with a microsyringe) a buffered stock solution of the enzyme
into the hydrocarbon-AQT solution, and shaking mildly. Depending upon
conditions (water content, protein concentration, and temperature), cloudy
solutions were obtained. Only clear solutions (no scattering at 300 nm) were
used for the studies reported in this work. The concentration of the enzyme
solutions used for ultracentrifugation studies was in the range 3—15 uM. The
viscosity of isooctane (0.4478 cp) was taken fronr Zulauf and Eicke (26), and
the value for n-octane (0.482 cp) is an interpolation of several temperature
values from the literature (27).

Ultracentrifugational analyses were made in a Beckman Model E
analytical ultracentrifuge, using the standard UV-monochromator, optical
scanner, rotors, and cells. Well-established procedures (20) were used to
determine the sedimentation coefficient, s, the diffusion coefficient, D, and
then the molecular weight, M, from the Svedberg equation,

RT s
1-0p D

1

where R, T, 7, and p are, respectively, the universal gas constant, absolute
temperature, partial specific volume, and density of solution.

Apparent partial specific volumes were determined from very precise
density measurements, i.e., to within several parts in a million, by tempera-
ture control to within £0.02°C, at 30.0°C, with a vibrating tube device
(Anton Paar, Graz, Austria, Density Meter DMA-02D), and the relation

21
11 (-x)
’ x [P Po ] @

where x, p, and po, are, respectively, the weight fraction of sedimenting
entity, the density of solution, and the density of solvent. The weight fraction
of sedimenting entity for this purpose was assumed to be the total weight
fraction of surfactant plus water plus protein.

Velocity ultracentrifugations were made at 40,000 rpm and 30.0°C.
The sedimentation coefficient was then determined from the slope of a plot
of In r versus ¢ based on the defining relation:

S___lmdlnr
w4t

(3)

where w, ¢, and r are, respectively, the rotational speed, time, and radial
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position of the midpoint in the optical density curve (ca. 280 nm) represent-
ing the sedimenting boundary.

Diffusion measurements were made at 30.0°C between 1000 and
6000 rpm. Initially, sharp boundaries were formed between solvent and
solution in a capillary type double-chambered cell. Diffusion coefficients
were determined from the slopes of plots of Ar’ versus ¢ based on the
relation

T3.64 ¢ @
where ¢ is time and Ar is the difference in radial position between the
one-fourth and the three-fourths concentration levels in the spreading
boundary, registered by optical density at 280 nm.

A Structural Model and Descriptive Relations

When a protein enters the inner core of a reverse micelle, a reor-
ganization of the micelle probably takes place. With the assumption of one
protein guest molecule per host micelle, this could be formulated as

al$,,(H20):]+ P—[S,P(H,0),] (5)

where no and n are the aggregation numbers of the surfactant, S, in unfilled
and filled micelles, respectively; { is the number of water molecules in the
inner core of the micelle before entry of the protein molecule, P; andJ is the
corresponding number of water molecules after entry. The coefficient a
represents the number of “unfilled”” micelles necessary to build up a filled
one. Since the protein causes an enlargement of the micelle, with an increase
in aggregation number and water content, n and j will be greater than sy and
i, respectively. Thus the increase of molecular weight is greater than simply
the additional weight of the protein and can be expressed as

My =Mp +jMW+nMS (6)

where My, Mp, Mw, and Ms are, respectively, the molecular weights of total
micelle, protein, water, and surfactant. In order to evaluate the micellar
parameters n and J, one can proceed as follows. Assuming that the ratio of
water molecules to surfactant molecules per micelle, wy, remains the same
upon entry of the protein, i.e.,

7

Wy =

e

)
ho
Eq. (6) can be rewritten as

My =Mp+nwoMw +nMs (8)
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or, alternatively, as
M = M+ M+ M ©)
0

Since “unmicellized” surfactant and water is negligible, a value for wocan be
obtained directly from the initially measured addition of surfactant and
water. We have used values for Mr determined experimentally in the
present work, and established values for Mp, My, and M in Eqgs. (8) and (9)
to determine the number of surfactant molecules, n, and the number of
water molecules, j, per protein-containing micelle (Tables 1 and 2, see
below).

In order to determine the miceliar size, we now proceed as follows.
Assuming the micelles to be spherical, the inner core volume v, of the
protein-containing micelles, can be expressed as

vic=§*7rr8=ij+Vp (10)

where 79, Vi, and Vp are, respectively, the inner core radius, the volume
occupied by water, and the volume occupied by protein. The experimental
values for M, determined from Eq. (1), were used in Eq. (9) to determine
values for j. Values for Vi and Vp were established as follows. A value of
29.9 A’ was used for a water molecule (22). Considering the proteins as
prolate ellipsoids with the largest dimension as the major and the next
largest as the minor axis, and using 38 X 28 A for RNase (23), 45% 30 A for
lysozyme (24), 110X 60 A for horse LADH (25), the respective volumes
were determined to be 15,600 A>, 21,200 A®, and 207,400 A°. Equation
(10) could then be solved for the corresponding inner core radius, ro.

The inner core radius can, of course, be used to calculate a correspond-
ing inner core surface area, viz.,

Aic =47Tr(?) (11)

which should have absorbed on it n surfactant molecules. The surface area
per surfactant molecule can be expressed as

2
4771‘0

fs (12)

n

and for the presently used system (AOT in isooctane), the surface area is
available from the literature as a function of wo (22). Therefore, assuming
that the presence of protein in the inner core does not affect this packing
density, these data can be used to calculate values of 7 to be compared with
values determined from Eq. (8). Likewise, Egs. (10} and (12) can be
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combined to give the relation

2
4 3 Aaro
3T =

Wo VW + Vp (13)
s

which can be used to calculate an inner core radius, rp, from established

values of f,, wo, Vi, and Vp. Moreover, the thickness of the surfactant shell

can be added to give the radius, r, of the protein-containing micelle

represented as a sphere, viz.,

r,=ro+ls (14)

where the thickness of the surfactant shell, /, in the present system can be
considered the length of one AOT molecule, taken as 12 A (26).

A useful way to visualize the results of Eq. (13) is given in Fig. 1, which
shows the dependence of the dimensions of the micelle as a function of the
macroscopic parameter wg for the case of unfilled micelles, and for the case
of micelles filled with ribonuclease and horse liver alcohol dehydrogenase.
For the relatively small ribonuclease molecule, the dimensions of the filled
and unfilled micelles are practically the same at wy ca. 30. At smaller wy

p 13
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T R R 50 W,
FI1G. 1. Inner core radius 7, (A) as a function of
the molar ratio wo=[H,0]}/[AOT], calculated
from Eq. (13), for , unfilled micelles;
- - -, micelles containing one RNase molecule;
and --~-, micelles containing one LADH
molecule.
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values, the filled micelles are larger, and this difference is obviously much
more marked in the case of horse liver alcohol dehydrogenase. For example,
at wg=15, the LADH-containing micelles are twice as large as the unfilled
ones.

Figure 2 shows more in detail the case of ribonuclease at wo=35 and
wo = 20. In the first case, a layer of water of ca. 5 A separates the protein
from the layer of surfactant molecules; in the second case, the water layer is
22A.

The radius r, can be compared with the Stokes radius r,, determined
from the viscosity of the solvent, and the diffusion coeflicient of the
protein-containing micelles by means of the relation

kT
Ty = 6mnD (15)
which follows directly from combining Stokes’s law
f=6mnn, (16)
with the well-known relation
kT
D=— a7
f
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F1G. 2. Model (cross-section) and dimensions for a micelle containing one RNase
molecule. (a) wy =[H,0/[AOT]=35; (b) wo=[H,0l/[AOT]= 20,
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where k, T, n, D, and f, respectively, are the Boltzmann constant, absolute
temperature, viscosity of the solvent, diffusion coefficient, and friction
factor. Implicit in this approach is the assumption that the micelles can be
adequately approximated by rigid and uncharged spheres moving in a
continuous medium without slippage.

The fraction of material involved in the protein-containing micelles can
be estimated from a straightforward material balance using (a) the
equivalence in the concentration of protein and protein-containing micelles,
and (b) established values of aggregation number, ny, of surfactant for a
particular w value.

RESULTS AND INTERPRETATIONS

Having discussed the theoretical setup, let us consider now the
experimental data, and extract from these the various structural parameters
for the micellar aggregate. Table 1 gives the results of the ultracentrifugal
analysis for the proteins RNase, lysozyme, and horse LADH solubilized in
the system AOT-water-isooctane (or n-octane), i.e., density of solution, g,
partial specific volume, 7, sedimentation coefficient, s, diffusion coefficient,
D, and molecular weight of the protein-containing micelles, My, at various
ratios of water molecules to surfactant molecules, w.

Note that, for each enzyme system, the sedimentation coefficient and
the molecular weight of each protein-aggregate increase by increasing the
water content. This is to be expected, since it has already been shown (22,26)
that the size of reverse miceiles can be increased by increasing wg. As
mentioned in the experimental part, the absorption signal of the protein was
monitored in the 280 nm region, so that essentially only the protein-
containing micelles are observed in the ultracentrifugation and diffusion
runs. Usually, the sedimenting boundary was relatively sharp (Fig. 3), which
is indicative of homogeneity. This agrees with the accepted view that the
reverse micelles are rather monodisperse (but more studies are needed in
order to better establish this point). Table 2 compiles the other structural
parameters obtained for our model at the same composition, wy, i.e., the
number of surfactant molecules, n, and the number of water molecules, j, in
each protein-containing micelle, and the inner core radius, r,.

Note that even with the lowest wy there are more than 500 water
molecules per protein, so that the picture of a protein molecule embedded in
a water pool is a reasonable one. One should, however, note that not all the
water will be in a free form. In fact, one would expect a certain amount of
water be bound to surfactant, protein, and buffer ions. According to NMR
data (31), and other measurements (19), under conditions of excess water,
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Fi1G. 3. Scanner traces of sedimentation profile (concen-
tration in terms of optical density at 284 nm versus
radial position) at 40,000 rpm and 30°C for the system
RNase/AOT (0.05 M)/isooctane with  wo=[H,0]/
[AOT]=11.1; curve A approximately 20 min after the start
of sedimentation, with curves B and C at successive 16 min
intervals,

AOT tends to firmly bind as many as 6-7 water molecules, but it is
reasonable to assume that due to competition with the protein and the buffer
ions, this will be considerably less in the protein-containing micelles at low
wo values (wy < 10).

In principle, it would be possible to elaborate our model to take into
account the water bound to AOT, and to discriminate among the various
types of free and bound water. However, in this paper we have chosen not to

TABLE 2. Calcniated Micellar Parameters®

System wg n i ro (A)
RNase
Isooctane/ AQT(0.05 M) 5.7 91 521 19.5
RNase
Isooctane/ AQT(0.05 M) 11.1 193 2128 26.6
RNase
Isooctane/ AOT(0.05 M) 22.3 395 8823 40.6
Lysozyme
n-Octane/AOT(0.05 M) 225 364 8185 39.9
Lysozyme .
n-Octane/AOT(0.05 M) 27.4 636 17,452 50.6
LADH
Isooctane/AOT(0.05 M) 46.4 2022 93,844 89.6

“For the definitions of w,, n, J, and r, see Egs. (5), (7), and (10). For M, [Egs. (6), (8) and (9)}, 13,680,
14,000, and 80,000 were used for RNase, lysozyme, and LADH, respectively.
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attempt this, because we believe that this complication is not needed at the
present time. But these considerations do indicate the way to go for a more
sophisticated model, which could be developed once corresponding
experimental data at a higher degree of precision become available. At this
point also, the approximation of spherical micelles could be discarded in
favor of more detailed structures (e.g., ellipsoids of various types).

It is interesting to compare the Stokes radius with the total micellar
radius, which is given by the sum of 7y (in Table 2) plus [, (the linear
dimension of an AOT molecule, taken as 12 A). The agreement tends to be
better at lower wo values (see, in particular, the case of RNase). It is possible
that the poor agreement obtained in some cases (for example, LADH and
RNase at high wg) is due to deviations from sphericity of the aggregate, or to
thermodynamic nonideality.

IMPLICATIONS OF THE MODEL AND CONCLUDING REMARKS

According to our model for micellar solubilization of proteins in
organic solvents, a protein molecule is immersed in a pool of water, which is
in turn encapsulated in a spherical micelle, thus preventing denaturation.
The spherical shape, while a convenience for the calculations and perhaps a
close approximation to reality for a number of systems and concentrations,
should not, however, be taken as the general, stringent structural
prerequisite. Also, we do not want to imply that the model presented here is
the only possible one. One can envisage situations in which two or more
protein molecules are present in the same micelle, in which the surfactants
interact directly with the protein molecule, or in which the more hydro-
phobic parts of the protein are directly exposed to the organic solvent. While
more data are needed to test if and when all these various possibilities occur,
the simple mode! presented here may serve as a useful preliminary working
hypothesis. Thus spectroscopic studies (in particular circular dichroism and
fluorescence) should show whether the solubilized biopolymer experiences a
water environment {this point is discussed in the following paper (32)].

There are other considerations arising from the proposed model that
could be of interest. For example, one notices that at relatively large wy
values (w =30) the physicochemical properties of water in the protein-
containing micelles will probably differ very little from those of bulk water.
However, at lower wg values, a large part of the water will be bound (to the
protein, to the surfactant, and to other ions). One should then recognize that
properties such as pH, dielectric constant, and other physicochemical pro-
perties pertaining to the protein environment may be hard to evaluate and
even to define.
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An important aspect that does not directly arise from simple inspection
of our model is the dynamic behavior of the reverse micelles. It has been
shown that a very fast exchange of material is possible among micelles (28).
In particular, Eicke and coworkers (29) argued that when the reverse
micelles collide, they may remain in contact for a time which is comparable
with diffusion time.

Figure 4 tries to represent this situation in the case of an enzymatic
reaction taking place in the micellar hydrocarbon phase, in the simple case in
which the enzyme E and the substrate S are only soluble in the water pool.
The active E-S is formed when a enzyme-containing micelle collides and
partly “melts” with a substrate-containing micelle. After reaction, the
product is eventually eliminated via an “unfilled” micelle, which collides and
partly melts with the E~P-containing micelle.

Another question that should be clarified in connection with the
proposed model is how to deal with the concentration of the reagents. Since
reaction is localized in the water pool, one could use a “local” concentration,
i.e., referred to the water pool alone. We will define such a concentration as
¢wp- Alternatively, one might consider overall concentrations (defined as
Cov), 1.€., referred to the whole system, which are generally those that one
measures experimentally (for example, spectrophotometrically). For a

()
—— A O
=% \\j

@ €

F1G. 4. Schematic representation of an enzymatic reaction in a reverse micellar system. E,
S, and P represent the enzyme, the substrate, and the product, respectively. The circles
represent the water pool {cross-section) of the reverse micelle. Water is present in all
micelles, but is not expressly indicated for the sake of simplicity.
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reagent that is only soluble in the water pool, ¢,, = ¢, * F,, where F,, is the
volume fraction F,, of water (F, =volume of water/total volume). If the
reagent partitions between the water phase and the hydrocarbon phase, with
concentrations ¢, and ¢4, respectively, then

Cov = Chya(1 = F )+ cu,pF., (7)
or, alternatively,

COD

=F,+P(1~-F,) (8)
Cwp

where P is the partition coefficient (P = ¢;,4/c.,). The two sets of concen-
trations correspond to two different ways of viewing the micellar systems. It
follows that one can define two different values for the Michaelis~Menten
constant, or for the dissociation constant. Notice, however, that the turnover
number of an enzymatic reaction (i.e., velocity normalized for the enzyme
concentration) is unaffected by the choice of the reference system. The
spectrophotometrically measured (dp/dt),, is in fact an overall quantity,
and sould be divided by E,, to give a turnover number (s *); if the reaction is
viewed in the water pool, then the turnover number is defined by
{(dp/dt)wp - 1/ E.p where (dp/dt),, =F;! {dp/dt)os, which gives the same
number as in the other case.
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