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Mieellar enzymology, a new trend in molecular biology, studies catalysis by enzymes entrapped in hydrated reversed 
micelles composed of surfactants (plmspholipids, detergents) in organic solvents. The key research problems of micellar 
enzymology and its relation to enzyme membranolegy are discussed. 

Introduction 

Micellar enzymology is a novel physicochemical line 
of approaches to problems of molecular biology [1-3]. 

What  gave rise to this new discipline? First, we all 
know that, in the past, the development of molecular 
enzymology has come about mainly through studies on 
f ree  enzymes .  In other words, the highly important 
experiments designed to elucidate the structures of cata- 
lyric centers and physicochemical mechanisms govern- 
ing biocatalysis could be performed to satisfaction only 
with enzymes isolated from the living cells in very pure 
form. Naturally, we must ask whether the properties of 
enzymes observed 'in vitro' in such 'pure' experiments 
adequately reflect the conditions under which these 
enzymes are functioning 'in vivo'. Such doubts are quite 
equitable in view of the findings that the subcellular 
structure and the compartmentalization of enzymes play 
key roles in the regulation of metabolism [4-7]. To use 
other words, in living cells, enzymes mostly act either on 

or near to the 'water/organic medium' interface (that 
is, on the surface of biological membranes or inside 
them, or in mobile complexes with macromolecular 
components of the cell, e.g., with proteins or polysac- 
charities [8-10]. We are thus facing a contradictory 
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situation: we try to investigate the 'in vivo' action of 
enzymes in our 'in vitro' studies which usually are 
carried out simply in water (in aqueous buffer) [11-14]. 

Second, it is well known also that the main structural 
pattern of biological membranes is the flat bilayer of 
lipid molecules. However, the notion of the lipid bilayer 
as the only possible way of organization of membrane 
lipids, which represents the essence of the widely 
accepted fluid mosaic model [15] of biological mem- 
branes, does not agree with established facts of strucb 
ural rearrangements of lipids, for example, from the 
bilayer to the hexagonal phase (see, for example, Ref. 
16 and references therein). Further investigations of the 
structure of lipid membranes (mainly by the Dutch 
group; for recent reviews, see Refs. 17-19) resulted in 
the discovery of other types of non-bilayer lipid struc- 
ture, in particular, so-called lipidic particles, repre- 
senting 'reversed micelles' sandwiched between mono- 
layers of the lipid bilayer. The concept of non-bilayer 
structures in lipid membranes made a basis for a 'meta- 
morphic mosaic' model of biomembranes [20] which 
explains elegantly many processes occurring in the liv- 
ing cell, such as fusion and compartmentalization of 
membranes, exo- and endocytosis, lipid flip-flop, etc. 

From the point of view of our discussion, the ability 
of certain proteins to induce the formation of non-bi- 
layer structures upon incorporation into model and 
biological membranes is of particular significance. Evi- 
dence of this kind has been obtained for cytochrome c 
[19], methemoglobin [21], cytochrome P~50 [221, pro- 
teins of the erythrocyte membr&ae [23], and hydro- 
phobic polypeptides [24], the latter being regarded as a 
model of anchoring fragments of ntegral membrane 
proteins. It is quite possible tha the formation of 
non-bilayer structures represents a general mechanism 
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Fig. 1. Assumed non-bilayer structures of the reversed micelle type 
and their interaction with enzymes (proteins) in biomembranes. (a) 
Cytochrome c (1) and cylochrome c oxidase (2) in mitochondria [17}; 
(b) the enzyme complex of cytochrome P-450 in microsomes [22]; (c) 

integral proteins of photosynthetic membranes [26]. 

for the protein incorporation into membranes [25-27] 
and for the regulation of their activity. This assumption 
is supported by the fact that ATPase [28] and mannosyl 
transferase [29] show maximal catalytic activity exactly 
under conditions when the formation of intramembra- 
neous lipidic particles occurs. The same is true also in 
the case of cell lipases [30,31], for which non-bilayer 
lipids have been shown to be the best substrates. Fig. 1 
illustrates some significant examples. 

Taken together, the above data allow one to conclude 
that model studies of enzymatic catalysis in microhet- 
erogeneous media, like the systems of hydrated reversed 
micelles of surfactants [1-3], are of great importance in 
understanding of the enzyme functioning in natural 
lipid systems. In such studies, the free enzymes are 
dissolved not in aqueous buffers but in colloidal (re- 
versed micellar) solutions of water in organic solvents. 
By now, many reversed micellar systems containing 
dozens of different enzymes have been studied; for 
reviews, see Refs. 32-46. Here, some important new 
developments in the field of micellar enzymology will 
be discussed. 

General remarks 

How are the reversed micelles formed? 
Three-component systems composed of organic 

solvent plus water plus surfactant have been studied in 
colloidal chemistry for a long time. Fig. 2 shows a 
typical phase diagram [47]. Depending on the con- 
centration of the individual components, the products 
formed are: ordinary micelles, lameUar or tubular struc- 
tures, and finally, the reversed micelles, i.e., associates 
with a spherical or eUipsoidal shape. 

Reversed micellization occurs in completely different 
solvents, such as hydrocarbons (for example, octane or 

benzene), long-chain alkanols, chloroform, diethyl ether 
and in mixtures of these solvents. Widely used deter- 
gents, for example, poly(ethylene glycol) derivatives of 
the Brij, Tween of Triton series, or natural phospholi- 
pids, are acceptable rnicelle-forming material: for re- 
view, see the reference list in Refs. 3, 32-46. 

The most important propernes of the reversed surfactant 
micelles in organic solvents 

Of considerable importance is the fact that reversed 
micelles exhibit a relatively ordered structure, char- 
acterized by a definite (although average) diameter (less 
than a few nanometers), molecular weight (aggregation 
number), and packing density. 

The dynamics of formation of reversed micelles, their 
structure, such as their dimensions and the aggregation 
number as well as the properties of the micromedium, 
have been under investigation in many laboratories 
throughout the world. The results of these investigations 
shcw that, for instance, the micelles can exchange 
surYactant molecules with one another and with the 
organic continuum at a high rate. Moreover, surfactant 
molecules in the reversed micelle show a continuous 
vibration which resembles "a  feather floating in a stiff 
wind". Despite the high mobility of surfactant mole- 
cules, the micellar interface is rather well defined and 
impermeable for the organic solvent surrounding the 
micene. 

Because of their polar core, reversed micelles can 
solubilize in apolar solvents a large volume of water, up 
to some tens of molecules per one molecule of the 
surfactant. The water in the cavity of the hydrated 
reversed miceUe differs from bulk water in its physi- 
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Fig. 2. Phase diagram of the system cetyltrimethylammonium bro- 
mide/water/hexanol. (a) Normal nacelle; (b) reversed nacelle; (c,d) 

intermediate (lamel|ar and cylindrical) mesophases. (From Ref. 47). 



cochemical properties, i.e., in acidity, microviscosity, 
polarity, dielectric constant and so forth. For instance, 
at a low degree of hydration the viscosity of v, ater 
solubilized in hydrocarbon is 200-times higher than that 
of bulk water, and its polarity corresponds to the polar- 
ity of chloroform (for review, see Ref. 3). 

Furthermore, the rate of chemical reactions involving 
water molecules often increases sharply ~hen reversed 
micelles are used instead of aqueous solution. For ex- 
ample, the nucleophilic activity of the water solub;!ized 
by AOT micelles is at least 106-times higher than that of 
the bulk water [48,49]. However, with the increasing 
volume of water in the system and with the swelling of 
the reversed micelles, the difference in the properties of 
micellar and bulk water becomes less pronounced. 

The three following properties of miceilar systems are of 
key importance for enzymology 

First, these systems are optically transparent. Sec- 
ond, reversed micelles are formed spontaneously and an 
equilibrium state is achieved before long: in seconds or 
minutes, sometimes even earlier. And, third, the dimen- 
sions of reversed micelles are easily variable (Fig. 3). In 
order to vary the dimensions of reversed micelles, it is 
sufficient to alter the concentration of either water or 
surfactant in the organic solvent. The higher the quan- 
tity of water in the system (horizontal line) the larger is 
the radius of the micellar particle. On the contrary, as 
the surfactant concentration increases, the micelles be- 
come smaller (vertical line). And finally, if the con- 
centration ratio for both components remains constant, 
the micelles do not change in structure but increase in 
number (slanting line). 

How can we entrap the enzyme in reversed micelles? 
The inclusion of the protein in reversed micelles 

occurs spontaneously. All you have to do is to add a 
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Fig. 3. Effect of the content of water and surfactant on a reversed 
micellar system. (1) Surfactant concentration is constant, [H20 ] in- 
creases (the hydration degree increases): m/cellar dimensions increase, 
the number of mieelles decreases; (2) [surfactant] and [H 20! increases 
in equal proportion (the hydration degree is constant): micellar di- 
mensions remain constant, the number of micelles increases; (3) 
[surfactam] increases, [H20] is constant (the hydration degree de- 
creases): micellar dimensions decreases, the number of micellcs m- 
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Fig. 4. Dependence of a maximal concentration of the protein 
(chymotrypsin) solubilized in the system 0.1 M AOT/octane on the 

hydration degree of the surfaclant. (From Ref. 52). 

lyophilized enzyme preparation [50] or to inject a stock 
protein solution [1] into a three-component system con- 
taining organic solvent plus surfactant plus water. Shak- 
ing or mixing will help to establish the equilibrium (for 
review, see Ref. 51). 

Attention should be drawn to the fact that, for very 
low values of the ratio [H 20] /  [surfactant ] (ratio < 1-2), 
proteins axe almost insoluble in the reversed micellar 
systems. The solubilization of the protein begins only at 
a certain value of [H20]/[surfactant] beyond which an 
increase in the degree of hydration of the surfactant is 
accompanied by an almost linear increase in the solubil- 
ity of the protein up to concentrations comparable to 
those ettainabie in aqueous solutions. Fig. 4 shows [52] 
that the solubilization of one molecule of a protein 
under investigation (chymotrypsin) requires about 1000 
molecules of water. The upper break of the curve en- 
ables us to estimate the solubility limit of the protein in 
the system considered, that is to determine the minimal 
amount of detergent necessary to solubilize one protein 
molecule. From the data shown in Fig. 4 it was possible 
to conclude that the solubilization of one chymotrypsin 
molecule requires about 100 moiecules of detergent, 
that is approximately the amount necessary to cover the 
whole surface of the protein globule with a monomolec- 
ular layer. In principle, large amounts of proteins (about 
20 mg/ml )  can be solubilized in organic solvents; this is 
more than enough for physicochemical research. 

Structure of protein-containing reversed micelles 

The process of the enzyme sombilization in reversed 
micellar systems results in the formation of hydrated 
protein-containing reversed micelles, no matter which of 
the above-listed solubilization procedures has been used; 
the systems are thermodynamically reversible. As a re- 
suit, enzyme molecules are located (entrapped) in the 
inner water cavities of these micelles (Fig. 5). A hydro- 
philic enzyme (El)  is located in the water core of the 
micelle and is surrounded by a water layer and a 
surfactant shell which protect the enzyme against the 
inactivation by the bulk organic phase. The molecule 
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Fig. 5. Schematic representation of the interaction of substrate (or 
other reagent) molecules (S) distributed in the reversed micellar 
system with entrapped hydrophilic (El), surface-active (E2), and 

hydrophobic (E3) enzymes. (Derived from Refs. 1 and 2). 

@.,-@ 
(E2) of a surface-active enzyme (for example, of lipase) 
can interact with the interface layer. Finally, molecules 
of hydrophobic proteins (E3) can ill principle come into 
contact with the phase of the organic solvent. 

Another (more complicated) example is given by 
integral hydrophobic proteins, bacteriorhodopsin [53] 
and porin [54]. These proteins, when solubilized in 
reversed miceHar solution, induce the formation of 
dumb-bell-like micellar aggregates in which polar parts 
of protein molecules are incorporated into 'local' re- 
versed micelles, whereas the central hydrophobic part of 
the protein freely contacts with the organic solvent. This 
type of protein-containing reversed micellar aggregates 
is shown in Fig. 6. The spectral characteristics of 
rhodopsin solubilized in an apolar organic solvent are 
almost similar to those of the native protein [55]. Hence, 
micellar systems are really a useful tool for modeling 
membrane functions in pseudohomogeneous media. 

The above views of the protein-containing reversed 
micelles is accepted by all authors working in the field 
[56-63]. However, a considerable contraversy has ex- 
isted as to their fine structural organization. Let us 
consider a hydrophilic enzyme entrapment in more de- 
tail. 

Two main opposing models of protein-containing 
reversed micelles are being discussed in the fiterature. 
According to the water-shell model (Fig. 7a), suggested 
by Luisi and co-workers [35,56,58], the entrapments of 
the protein molecule is invariably accompanied by tu~ 

4 
Fig, 6, Schematic representation of the rhodopsin-phospholipid com- 
plex in hexane. (1) lipid; (2) water; (3) hydrophific and (4) hydro- 

phobic fragments of the protein molecule. (From Ref. 55). 
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Fig. "7. Models for solubilization of protein molecules (radius re) in 
reversed micclles (outer radius R . .  inner cavity radius rm) leading to 
the formation of protein-containing micel]es (outer radius R rap, inner 
cavity radius rmp): 
(a) Water-shell model: R mp > R m and rmp > rp, independent of the 
r p /  r m ratio. 
(b) Induced-fit model: Rmp > Rm and rmp ~- rp, when rp > r m. 

(c) Fixed-size model: R m ~ Rmp, when rp ~ r m. 

increase in the micelle size and the filled micelle con- 
tains more surfactant and water molecules than the 
initial empty micelle (as the result of redistribution of 
these micellar components between filled and unfilled 
miceiles). An alternative model, suggested by ourselves 
[57], assumes tha. t such increase in size occurs only when 
the inner cavity of the initial empty micelle is smaller 
than the protein molecule (the induced fit model, see 
Fig. 7b); in this case the entrapment of the protein can, 
in principle, result in the increase in the aggregation 
number as well as the hydration degree of the surfac- 
tant. If, on the other hand, the size of the initial water 
cavity exceeds (or is approximately equal to) that of the 
protein molecule, then, in contrast to the water-shell 
model, the protein entrapment may not lead to any 
substantial increase in the size of the reversed micelle 
(the fixed-size model, see Fig. 7c). 

Ultracentrifugation measarements [57] confirmed the 
validity of the fixed-size m~del for a number of water- 
soluble (hydrophilic) proteins, such as trypsin, 
chymotrypsin, lysozyme, egg white albumin, horse liver 
alcohol dehydrogenase and 3,-globulin. It was found [57] 
that the increase in voh:me, if any, of the reversed 
micelle as a result of tht ~ protein entrapment did not 
exceed 105[ of its initial value, even when the protein 
molecule and the water cavity of the initial micelle were 
of the same size, The protein-containing micelle con. 
tahas practically the same number of both surfactant 
and water molecules as the unfilled one; in other words, 
the observed mass of the new aggregate is equal to the 
sum of masses of the protein and the empty micelle. 



Recent experiments with the use of direct physical 
methods, such as quasi-elastic neutron scattering [59,60] 
and photon correlation spectroscopy [60] have unam- 
biguously confirmed the validity of the fixed size model. 
Nevertheless, the model has been subjected to criticism 
[36,58] on the grounds that it contradicts 'the common 
sense', because it implies the 'disappearance' of water 
from the raicelle upon the entrapment of the enzyme 
molecule without any appreciable loss in mass. In order 
to resolve this discrepancy, we have undertaken 13C- 
NMR investigations [64] aimed at the elucidation of 
structural rearrangements occurring in the micelle upon 
the insertion of the protein molecule, which could ex- 
plain the surprising phenomenon of the apparent disap- 
pearance of water. 

As a model system, we used a-chymotrypsin dis- 
solved in the reversed micellar solution of Aerosol OT 
in octane, because it is this system that has been shown 
to be best described by the luted size model by several 
methods [57,59,60]. The dimensions of the a- 
chymotrypsin molecule [65] are 40 x 40 x 50 A.. It may 
be approximated by a sphere of the same volume (about 
41000 ~3) with a radius of 21.5 A. The size of inner 
cavities of reversed AOT micelles in octane depends [66] 
on the hydration degree of the surfactant expressed as 
w--[H20]/[AOT]. In our expcnmems we ,:sed w -  12 
when the water cavity of the reversed micelle has a 
radius of 22.1 A [66]. This means that the volume of the 
inner cavity of the initial empty micelle (45 200 A 3) 
slightly exceeded that of the enzyme molecule, i.e., the 
conditions required for the realiTation of the fixed-size 
model (Fig. 7c) were satisfied. According to this model 
[57], the amount of water and the aggregation number 
of AOT are the same both in protein-containing and 
protein-free miceUes. Simple calculations show that in 
this case water molecules in the protein-containing 
micelle should form a layer of about 6 A thickness 
around the entrapped enzyme (at the above indicated 
volume ratio of the water cavity to the a-chymotrypsin 
molecule). In order to keep overall dimeasions of the 
protein-containing micelle unchanged, thi< water layer 
should be expelled from the Liner cavity of the micelle, 
which is now almost completely occupied by the en- 
zyme, and penetrate into the surfactant shell towards 
the organic phase. The situation is depicted schemati- 
cally in Fig. 8. 

13C-NMR measurements indeed confirmed [64] the 
validity of the above conclusions. It was found that the 
addition of a-chymotrypsin into the solution of AOT in 
octane at w = 12 caused dramatic changes in the spin- 
lattice relaxation time (Tt)°for carbon atoms situated 
inside the range of 5-7 A from the inner micellar 
interface (between the dotted lines in Fig. 8), whereas 7"1 
values for carbons lying further along AOT aliphatic 
chains remained essentially unchanged. The observed 
shifts in TI values were ascribed [64] to the change in 
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Fig. 8. Scheme of the expulsion of water from the inner cavity of a 
reversed AOT micelle on entrapment of a protein molecule (the 

fixed-size model in Fig. 7). 

~he microenvironment of corresponding carbon atoms 
by their immersion into the expelled water layer. Quite 
remarkably, the thickness of the expelled water layer 
determined from the NMR measurements (5-7 ,~,) ex- 
cellently coincides with the value predicted by the 
fixed-size model (about 6 ~,). Inspection of molecular 
models, constructed on the basis of available data on 
the conformation of AOT molecules in reversed miceUes 
[67-70], confirms that the suggested expulsion of water 
from the micellar core is indeed possible: in the areas 
where AOT polar heads are bonded to the hydrocarbon 
tails (Fig. 8) there are cavities quite capable of hosting 
the expelled water molecules. 

Our description of the structural rearrangement of 
water and surfactant molecules in AOT reversed micelles 
is in excellent agreement with recent results [71] of 
studies on the hydration of lipid bilayers in biological 
membranes. It has been shown [71] that under certain 
conditions the apparent partial molar volume of hydra- 
tion water in biological membranes can reach zero due 
to the inclusion of water molecules into large voids in 
the head-group region of the lipid bilayer, which means, 
in fact, apparent 'dL, appearance" of water exactly in the 
same way as in our model mieellar system (in the 
presence of protein) 

Catalytic acfi,~i~ of enzymes in reversed micelles * 

It is not surprising that lipolytic enzymes retain their 
enzymatic function in inch microheterogeneous media 
[73,74] since the presence of an interface is a condition 

* Recently catalysis by enzymes entrapped into hydrated surfactant 
aggregates having lamcllar or cylindrical (hexagonal) structure in 
organic solvents (Fig. 2), has been studied [72] as well. 
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'sine qua non' for their functioning. The enzymes studied 
in traditional 'in-water' enzymology are, however, a 
completely different matter. That is why the first studies 
[1] on such enzymes carried out in 1977, that is the 
studies on the catalytic activity of peroxidase and of 
chymotrypsin entrapped in hydrated reversed micelles 
prepared from a synthetic detergent in liquid hydro- 
carbon, stimulated extensive research in this field. As of 
now there are more than three dozens enzymes whose 
catalytic behavior in such systems has been studied (for 
review, see Refs. 3, 32-46 and 51). The kinetics of 
chemical reactions catalyzed by enzymes entrapped in 
reversed micelles of amphiphilic compounds in organic 
solvents obeys, as a rule, the classical Michaelis-Menten 
equation [75]. On the other hand, enzymes in such a 
microheterogeneous miceilar medium often show com- 
pletely different catalytic properties compared to those 
observed in aqueous solutions. Let us consider signifi- 
cant examples. 

Substrate specificity 
We have studied [76] the specificity of alcohol dehy- 

drogenase solub'flized in octane (Fig. 9). The enzyme 
catal:zes the oxidation of alkanols to the corresponding 
aldehydes. Fig. 9 shows the dependence of catalytic 
activity on the length of the substrate molecule, in 
water, octanol is the best substrate (see the right-hand 
curve). In colloidal solutions butanol is oxidized faster 
than other substrate, s (see the left-hand curve). The 
phenomenon observed can be simply explained b~ as- 
suming that the more hydrophobic substrates are ex- 
tracted to a higher degree with the organic solvent and 
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Fig. 9 Dependence of the second-order rate cons tan t  (kca,/Km,app) 
for oxidation of aliphatic alcohols, catalyzed by alcohol dehydro- 
gcnas¢ from horse liver, on the length of the hydrocarbon fragment 
(n) in a molecule cf substrat¢, H(CHz),,OH: O, the system 0.1 M 
AOT/octane/water at [H20]/IAOTIffi49; o, aqueous solution. 

Temperature 25 = C, pH 8.8. (From Ref. 76). 
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Fig. 10. Dependence of the maximum (and pH-independent) rate of 
pyrocatechol oxidation, catalyscd by laccas¢ entrapped in reversed 
micelles, on composition of the ternary system AOT-octan.~aqueous 
buffer. In the aqueous solution, the value of k~t is equal to 28 s-~. 

(From Ref. 77). 

their local concentration near the active center is there- 
fore lower. 

Superactivity 
Another micellar effect, one of the most striking 

ones, is the increased activity (or superactivity) of the 
enzymes entrapped. As a criterion of the 'true' catalytic 
activity we chose a 'pH-independent' value of k~, 
which is not influenced by trivial effects such as the pH 
shift and a possible increase in substrate concentration 
in the micelles. As seen in Fig. 10, the supcractivity 
manifests itself in ternary systems consisting of surfac- 
tant, water and organic solvent and having a certain 
optimum composition [77,78]. With laccas¢ shown in 
Fig. 10, the increase is about 100-fold compared to the 
k~, value determined in aqueous solutions. 

Other enzymes possessing similarly high superactiv- 
ity in the micellar medium, are acid phosphatase [79] 
and peroxidase [80,81]. 

To understand the mechanism inducing superactivity 
let us focus our attention on two findings. First, the 
dependence of the catalytic activity on the molar ratio 
of water to surfactant concentration is usual ly  repre- 
sented by a hell-shaped curve, i.e., there is an optimum 
value of the hydration degree, w = [H20]/[surfactant], 
for which tbe catalytic activity of the solubilized enzyme 
is maximu;,~. The actual value of the optimum hydra- 
tion degree depends on the nature of the enzyme and 
the surfactant. Several characteristic examples are given 
in Ref. 51 (see Fig. 11). No doubt, the optimum is the 
result of action of numerous factors, which either com- 
pensate or supplement each other. One fact only, how- 
ever, is rele~,ant to our present discussion: under opti- 
mum condiuons, that is, when the hydration degree is 
optimum, the inner diameter of the empty micelle prac- 
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different enzymes solabilized in AOT reversed micelles, by variation 

of the surfactant hydration degree. (From Ref. 51), 

tically corresponds to the size of the molecule of the 
enzyme entrapped. This conclusion [82-85] is illustrated 
by Fig. 12, which shows the coincidence of the radii of 
the different protein molecules (rp) and corresponding 
inner cavities of the 'optimum rnicelles' (rm). 

The second very important finding has come about 
through studying [83] the signal of an ESR spin label 
introduced into the active center of solubilized 
chymotrypsin. As can be seen in Fig. 13, the value of 
minimal rotation speed of the spin label in the active 
center of the enzyme (see lower curve) coincides with 
the optimum of its catalytic activity (see upper curve). 

These two results seem to support the following 
hypothesis. The superactivity is due to the relatively 
high rigidity of the surfactant shell surrounding :he 
molecule of the solubilized enzyme. The surfactant shell 
may function as a buffer (or absorber) of excessive 
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Fig. 12. Correlation between effective radii of entrapped enzyme (rp) 
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the system AOT (0.1 M)/octane/water (pH 8.0) at 25 o C. The broken 

line shows the value of kca t in aqueous solution. (From Ref. 83). 

fluctuations that usually [11,12] destroy the catalytic 
conformation in water. 

This conclusion has received supporting evidence 
from studying the catalytic activity of the solubilized 
enzyme as a function of microviscosity of the core of 
the micelle [86]. The microviscosity inside the micelle 
was continuously varied: instead of water (an aqueous 
buffer) concentrated aqueous solutions of glycerol, vari- 
ous diols and water-soluble organic solvents (such as, 
for instance, dimethyl sulfoxide) were injected into the 
rnice|le. As can be seen in Fig. 14 the catalytic activity 
of the enzyme increased with increasing microviscosity, 
regardless of which organic component was used to 
increase the microviscosity around the enzyme. When a 
critical value of the latter had been reached the catal),tic 
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Fig,  14. Reladon between the catalytic constant ( k ~ ,  t = V/Eo) of 
,- ;hymotrypsin catalyzed hydrolysis of N-benzoyI-L-tyrosine p- 
mtroanilid¢, and the conformationa] mobility of the enzy:ne, ex- 
pressed in terms of the rotational frequency (=,) of the spin label in 
the active site of the enzyme. The experiments are performed in the 
system AOT/water/octane with water-soluble organic components 
being injected into the reversed micdles: ~ dimethyl sulfoxide; A, 

2,4-butanediol; <3, glycerol. (From Refs. 51,86). 
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oct ire non oct ire 
IN WATER 

Fig, 15. Scheme of the elimination of spontaneous fluctuations of 
protein structure inside the reversed miceUe, the fluctuations which 

usually disturb the catalytic confurmation in ware:. 

activity of the enzyme rose to a value 100-times higher 
thav in water. This finding (Fig. 14), similarly to those 
mentioned before (Fig. 13), also shows that the mecha- 
nism inducing superactivity in the reversed micelles is 
the elimination of spontaneous fluctuations of protein 
structure, fluctuations which usually [11,12] disturb the 
catalytic conformation of the active center in water 
(Fig. 15). 

A test for the membrmle activity of enzymes 

A change in the concentration of surfactant in re- 
versed micellar systems carried out at a fixed hydration 
degree value (w) results in the alteration of the con- 
centration of identical miceUes without influencing their 
size and other properties (see Fig. 3 and accompanying 
discussion). Hence, the catalytic activity of solubi~ed 
enzymes should not depend on the surfactant con- 
centration, if the value of w is kept constant. The 
validity of this conclusion has been demonstrated for a 
namber of enzymes, such as ~-chymotrypsin [75,87], 
t,lyp.~in [75], 'alkaline phospha'~ase [72] and lipoxygenase 
[88] (see Fig. 15, right column). However, there is a 
group c o,~zymes, such as peroxidase [81], acid phos- 
phatas¢ i: ~, laccase [77], and prostaglandin synthetase 
[bal, whose activity strongly deperads on the surfactant 
• ~ = :: :ration. The change in catalytic activity can be as 
tagn as one or two orders of magnitude, as illustrated 
by Fig. 16 (left column). All enzymes from this group, 
in contrast to enzymes from the first group (right col- 
umn), are characterized by the presence in their mole- 
cules of 'anchoring groups of different nature' [90,911. 
We suggest that it is the presence of such groups 
capable of interacting with micellar membrane, that 
causes the dependence of catalytic activity on the 
surfactant concentration. The validity of this suggestion 
was confirmed experimentally [92] in comparative stud- 
ies of catalytic behavior of a-chymotrypsin in the native 
state and covalently modified with stearoyl residues. 

When solubilized in AOT reversed micelles in octane, 
the native a-chymotrypsin, being a member of the first 
group of enzymes, did not show any dependence of 
catalytic activity on the surfactant concentration at a 
fixed value of w. On the other hand, in the case of the 
hydrophobized a-chymotrypsin a profound dependence 
of catalytic activity on the surfactant concentration was 
observed. These results are shown in Fig. 16 on the 
panel corresponding to a-chymotrypsin. Thus, by intro- 
ducing a hydrophobic anchoring group it is possible to 
convert artificially an enzyme from the first group into 
an enzyme belonging to the second group. 

An important corollary of these findings (Fig. 16) is 
that the occurrence of the dependence of catalytic activ- 
ity of an enzyme dissolved in a reversed micellar system 
on the surfactant concentration can serve as a conveni- 
ent test for the ability of the enzyme to interact with 
micellar (and probably also with biological) membranes. 

A new strateKv for studying oligomefic enzymes 

A theoretical consideration of the regulation of en- 
zyme activity in systems contah~g  reversibly adsorbing 
enzymes was recently presented [93]. However, an 
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Fig. 17. Regulation of catalytic activity of oligomeric enzymes solubi- 
lized in AOT reversed micelles in octane by variation of the surfactant 
hydration degree: (a) lactate dehydrogenase [95] and (b) 7-gluta- 

myltransferase [96,971. 

experimental study of these phenomena is limited by the 
absence of reliable approaches permitting control of the 
composition of protein complexes (in order to induce 
artificially either their assembly or their degradation). 
Thus, in the case of oligomeric enzymes, the disaggrega- 
tion of their subunits in vitro is often observed only 
under the denaturing conditions, which considerably 
hampers the study of the catalytic properties of the 
separate subunits [93,94]. 

These structure-function problems can be solved 
using systems of hydrated reversed micelles of surfac- 
rants in organic solvents as media for the enzymatic 
reactions under study. The possibility of the activity 
regulation of an oligomeric enzyme (the composition of 
its subunit structure being changed in the system of the 
reversed micelles) was demonstrated in lactate dehydro- 
genase [95] and "y-glutamyltransferase [96,97]. 

The dependence of catalytic activity of oligomeric 
enzymes on w-[H20]/[surfactant]  reveals several 
maxima, as shown in Fig. ] 7 for the enzymes solubmzed 
in AOT reversed micelles in octane. The molecule of 
lactate dehydrogenase is composed of four identical 
subunits (total molecular mass 140 kDa) and represents 
[98] an ellipsoid with dimensions 74 × 74 x 84 A. Fol- 
lowing the above formulated concept of the geometric 
fit of the enzyme molecule to the aqueous cavity of 
reversed micelles under conditions of the optimum cata- 
lytic activity (Fig. 12), and using the data [98] for the 
dimensions of differently packed subunits of lactate 
dehydrogenase, one may conclude that the maxima at 
w---14, 18, 22, 31, and 40 on the profile of catalytic 
act;vity in Fig. 17a correspond, respectively, to the 
morner, dimer, trimer and/or  tetramer, and octamer of 
subunits of lactate dehydrogenase. Following the same 
line of reasoning, the maxima on the catalytic activity 
profile for ¥-glutamyltransferas¢ (Fig. 17b), which is 
composed of two subunits with molecular mass 20 and 
53 kDa [99,100] were assigned to the light (w = 11) and 
heavy (w--17) subunits, and to their dimer (w = 26). 
Uhracentrifugation experiments [96,97] confir:~ned the 
presence in both systems of subunit aggregates predic- 
ted on the basis of the catalytic activity studies (Fig 17). 

These findings imply that the reversed micelles of 
surfactants in organic solvents function as the matrices 
of adjustable size permitting regulation of the supramo- 
lee_olaf st-_,cture and the catalytic activity of oligomeric 
enzymes. 

Applied enzymology 

Applied aspects of micellar enzymology are discussed 
in recent reviews [3,37-46,51]. Applications in fine 
organic syntheses, in clinical and chemical analyses, in 
bioconversion of energy and mass, and in medicine, as 
well as probable future trends in biotechnology, have 
been exhaustively listed by us before [40]. Here only one 
impressive example, having a relation to membranology, 
will be stressed. 

Hydrophobized proteins translocafing across lipid mem- 
branes 

As known, micellar media provide a possibility to 
modify or to convert water-insoluble compounds [31. In 
particular, there is a possibility of modification of pro- 
teins by water-insoluble reagents [101]. Most recent 
data reveal the process of protein hydrophobization by 
phospholipids [102,103] and fatty acids [104] as being 
quite widespread in living organisms and evidently play- 
ing an important role in protein transport [102,103,105]. 
Hence, it is reasonable to expect [1011 that a molecule 
of a water-soluble protein incapable of passing across 
the membrane barrier may be converted into a mem- 
brane-penetrating form if equipped with a hydrophobic 
anchor. The key experimental problem of introducing a 
small number of hydrophobic anchor groups into a 
protein m qecuIe, was recently solved [101] in our 
!~b~catury. 

Proteins can be made hydrophobic, for example, by 
acylation wiIh stearoyl chloride. However, it is very 
difficult to carry out this reaction in water. As shown in 
Fig. 18a, the reaction proceeds namely on the surface of 
microdrops and hence, there is one principal difficulty: 
the reaction cannot be stopped when the protein is 
substituted to a low degree. When the protein is cova- 

~n water 
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Fig. 18. Protein (P) modification with a water-soluble reagent: (a) in 
water and (b) in micellar system. 
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lently hydrophobized in a colloidal solution of water in 
an organic solvent (Fig 18b) the situation is completely 
different [101]. In this case the molecules of the reagent 
are located around the protein (black bars) and they are 
diluted with a chemically inert surfactant (white bars). 
As a result, the protein can be modified even at one site 
only. In other words, the micellar medium enables us to 
prevent the protein from substitution to a higher degree. 

Conclusive evidences were produced [106,107] on the 
hydrophobized enzyme to pass through the model m e m -  

branes (e.g., into multilamellar liposomes). The question 
remained to be answered whether the translocation of 
hydrophobized proteins as revealed in the model experi- 
ments [106,107] is equally valid for complex biological 
systems. To this end Kabanov et al. [108] investigated 
the effect of the ricin A chain on intact B-cells 
('Namalva' line). The ricin molecule, a toxin capable of 
penetrating into the cell and blocking enzyme synthesis 
in 60 S ribosomes, consists [109] of two polypeptide 
subunits, A and B-chains. The B-chain is responsible for 
binding of the toxin on the cell membrane and for 
translocating the active A-chain into the cell. The toxin 
A fragment alone (in the absence of a B-chain) pos- 
sesses weak non-specific toxicity only: it cannot pass 
through a cell membrane and reach the ribosomes. This 
'defect' of the A-chain can be rectified by hydrophobic 
anchor groups introduced into it; we found [108]: " the 
toxic effect of the A-chain acylated by stearic acid on 
B-cells to be close to that of the native ricin". In these 
experiments the effect of ricin on the cells was measured 
on the criterion of cell destruction as well as inhibition 
both of protein (3SS-methionine inclusion) and DNA 
(3 H-thymidine inclusion) biosyntheses (Fig. 19). 

The mechahism of protein translocation through lipid 
membrane is not yet fully understood. However, litera- 
ture data [17-20,110] permit us to assume that artifi- 
cially hydrophobized proteins can induce the formation 
of other than bilayer structure in the membrane, such as 
intermembranouo lipidic particles similar to reversed 
micelles or the hexagonal H .  phase; the enzymes are 
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Fig, 19, The action of o non.modified and ® stearic acid-acylated 
ricin A-chains, and • native toxin on intact ~,lymphoma cells 

('Namalva' line). (From Ref. 108). 

,,0 
Fig. 20. Hypothetical mechanism of trenslocation of an artificially 
hydrophobized protein (P) through the lipid membrane. (From Ref. 

los). 

included into their inner polar cavity (Fig. 5). These 
intramembranous lipidic particles have a dynamic char- 
acter, so that after being formed on one side of the lipid 
bilayer they can, in principle, dissociate on its opposite 
side. This means that they may be regarded as possible 
transmembrane carriers (Fig. 20). 

As we understand it the translocation effect of artifi- 
cially hydrophobized proteins is not only of theoretical, 
but also of practical importance as it can be utilized for 
the design of essentially new drugs capable of penetrat- 
ing into the target cells. For instance, the above sug- 
gested [108] principle of imparting transmembrane 
properties to water-soluble proteins made it possible to 
realize 'in vivo' the effective transport of fatty acid- 
acylated aatibodies across hematoencephalic barrier into 
brain [111]. 

Conclusion 

By the present time, more than three dozen enzymes 
have been studied in reversed micellar systems due to 
efforts of about 20 laboratories, all over the world [3]. 
Evaluating the rapid development of micellar en- 
zymology, it is to be noted that a simple idea of placing 
the enzyme molecule into a microreactor formed by the 
reversed micelle has led to con:~equences that a decade 
ago, when studies in this field ,,tarred [1], were difficult 
to predict. In fact, together wi':h new fundamental ap- 
proaches to medeling the enzyme-membrane organiza- 
tion (Fig. 1) and to the mecha~dstic study of enzymatic 
catalysis (see Figs. 11-14 and ac:companying discussion). 
micellar enzymology has also given seminal results 
opening new prospects in practical chemistry, fine 
organic syntheses, clinical and: chemical analyses, bid- 
conversion of energy and other applied areas [40]. 

In our opinion, such outstanding progress is the 
result of the two following main advantages of reversed 
micellar systems. First, these microheterogeneous sys- 
tems provide means for easy dissolution of both hydro- 
philic and hydrophobic substances under standard con- 
ditions, thus giving extremely wide possibilities to vary 
the nature of molecular objects used in research. In 
other words, the molecule of the solubilized enzyme 
(depending on its nature) can come into contact, in 



principle, with water-soluble, with surface-active and 
also with organophilic (water-insoluble) substrates (Fig. 
5). The micellar solution of water in organic solvents 
(stabilized by amphiphilic compounds) thus represents a 
universal, that is, all-purpose, microheterogeneous 
medium suitable for "enzymatic reactions [2]. 

Second, reversed micelles ensure a strict nanocom- 
partmentalization of solubilized macromolecules, thus 
permitting a controlled build-up of subunit struc:ures 
(see, for example, Fig. 17 and accompanying discussion). 
Other impressive examples are the synthesis of con- 
jugates of natural and synthetic macromolecules of a 
predetermined composition [112], and homogeneous en- 
zyme immunoassay in reversed micelles [113]. The semi- 
tivity of the assay procedme can be optimized by ad- 
justing the size of the reversed micelles (i.e., the surfac- 
tant hydration degree). 

The achievements of micellar enzymology over the 
past several years, both in the fundamental and applied 
aspects, give us good reason to expect rapid progress in 
this field [1141. 
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