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Abstract. Native and chemically modified cytochrome C
were dissolved in sodium bis(2-ethylhexyl) sulphosucci-
nate (AOT)-oil-buffer microemulsions. The native cy-
tochrome C contains 19 lysine residues, these groups
were modified by 1) acetic anhydride or 2) succinic anhy-
dride. At pH 8.4 the native, acetylated and succinylated
proteins carry +8, —3 and —12 elementary charges,
respectively. The phase behaviour of the microemulsion
systems was found to be highly dependent on the charge
of the proteins. Compared to a protein free system the
native protein induces a L-2 phase separation at lower
temperatures. The acetylated protein has a small effect on
the temperature for the phase transition, whereas in the
case of succinylated cytochrome C the phase transition
takes place at higher temperatures. When dissolved in
AOT microemulsions, the native cytochrome C has a per-
turbed tertiary structure, as indicated by loss of the
695 nm absorption band, while both the modified
proteins retain the same optical properties when dis-
solved in an AOT microemulsion as in a pure buffer
solution. The pertubed structure of the native cy-
tochrome C was further investigated by testing the stabil-
ity of the reduced form of the protein dissolved in the
microemulsion media. The native cytochrome is unstable
at W > 10, whereas the two modified proteins were
found to be stable at all W-values investigated. The aver-
age location of the three proteins was determined by
pulse radiolysis. The quenching rate constant of the hy-
drated electron depends upon the location of the probe in
the reverse micelle; the succinylated protein is localised in
the aqueous core of the reverse micelles, but both the
native and the acetylated forms were found to be lo-
calised close to or at the AOT interface.
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Introduction

A liquid interface can be formed by mixing surfactant,
water and oil, where the surfactant forms a monolayer
dividing the water and oil microdomains. Depending
upon the composition and the physical parameters, the
surfactant film can have very different topologies, vary-
ing from closed spheres to an interconnected 3D net-
work. One intensively studied surfactant is sodium bis (2-
ethylhexyl) sulphosuccinate (AOT). At low water con-
tents this surfactant usually forms spheroidal aggregates
called reversed micelles. These aggregates swell with wa-
ter and, as the size of the aggregates increases, the con-
centration of discrete micelles decreases. Reverse micelles
have been shown to serve as hosts for proteins and en-
zymes (Shield etal. 1986; Luisi et al. 1988; Martinek
et al. 1989; Pileni 1989). One important parameter used
to describe the reverse micelles is the water to surfactant
ratio; W = [H20]/[AOT], and usually the properties of
proteins in the microemulsion solvents are characterised
as a function of the W-value. However, discrete droplet
structure is not a requirement for enzyme catalysis in
microemulsion solvents: bi-continous microemulsions
have also been shown to serve well for enzymatic catalysis
(Larsson et al. 1991).

Cytochrome C is a hemoprotein and its biological
function is to transfer electrons in the respiratory chain of
the mitochondras. It is a very well characterised protein,
the amino acid sequence and the crystal structure are
known (Dickerson and Timkovich 1975). Native cy-
tochrome C from horse heart is a basic protein containing
19 lysine residues and at neutral pH the protein is highly
positively charged. Most of the positive charges are situ-
ated in the electron-transfer interacting domain, whereas
the negatively charged residues are placed on the oppo-
site side of the protein molecule, which makes the protein
a very strong dipole. The positive charges near the heme
cleft are physiologically very important since the reaction
partners of cytochrome C, as well as the inner mitochon-
drial membrane, have a negative charge. This gives reac-
tion rates close to the diffusion limitation for the electron
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transfer reaction (Margoliash and Bosshard 1983). Cy-
tochrome C has been reported to have affinity for various
negatively charged surfaces such as vesicles (Hildebrandt
et al. 1990; Spooner and Watts 1991; Jongh et al. 1992)
and proteins (Margoliash and Bosshard 1983; Lindsay
etal. 1991).

Cytochrome C has been studied by several authors in
reverse micelles (Balny and Douzou 1979; Dozou et al.
1989; Visser and Fendler 1982; Ermin and Metelitsa
1983; Pileni et al. 1985; Vos et al. 1987; Genkin et al.
1989; Brochette et al. 1988; Huruguen et al. 1991; Hu-
ruguen and Pileni 1991). There are indications that the
positively charged cytochrome C interacts with the AOT
surfactant layer (Pileni et al. 1985; Vos etal. 1987). A
decrease of the micellar radius is reported if one molecule
of cytochrome C is present per micelle as compared with
a system without any protein (Brochette et al. 1988).
Small angle X-ray scattering, pulse radiolysis (Pileni et al.
1985) and investigations of the fluorescence properties
of a Zn derivative, all showed a strong interaction be-
tween cytochrome C and the AOT interface. However, in
a microemulsion composed of the cationic surfactant
CTAB, no interaction was observed (Vos et al. 1987).
Native cytochrome C has also been reported to change
the phase behaviour of an AOT/isooctane/water microe-
mulsion. A percolation process was observed at lower
temperature and at lower water volume fraction in the
presence of cytochrome C as compared with unfilled
droplets (Huruguen and Pileni 1991). Cytochrome C was
also observed to induce strong attractive forces between
the micelle droplets (Huruguen et al. 1991). These phe-
nomena have been attributed to the location of the
protein at the interface. In order to investigate the nature
of these interactions we have, in this present investiga-
tion, made two derivatives of cytochrome C, which have
a negative net charge, as compared to the native protein.
This makes it possible to vary the net charge of the
protein while keeping the pH constant. We observed that
the charge of the protein has large effects on the phase
behaviour, the percolation process, the protein folding
and redox behaviour.

Material and methods
Chemicals

Cytochrome C Type VI from horse heart, succinic anhy-
dride and AOT were purchased from Sigma and the or-
ganic solvents and borate acid (H,BO,) were bought
from Fluka.

Preparation of the microemulsions

A stock solution of AQT-oil, filtered through a glass fiber
filter (Whatman GF/A), was used to form the micro-
emulsions with 25 mM borate buffer, pH 8.4. Isooctane,
nonane or decane was added to give a constant final
volume and an AOT concentration of 0.1 M. Borate buff-
er was used because of its compatibility with the pulse
radiolysis experiments.

Phase behaviour

Samples were prepared by mixing a stock solution of
AOT dissolved in oil, oil, and buffer containing the
protein, in glass tubes equipped with stoppers. The tubes
were kept in a thermostated water bath, the temperature
was varied and the stability region of the microemulsion
phase was determined visually. To detect any lamellar
liquid crystalline phase, the samples were observed be-
tween crossed polarisers.

Conductivity measurements

The samples were thermostated in a water bath and the
conductivity was measured using a Tacussel conductime-
ter, type CD 810.

Pulse radiolysis

A Febetron 707 was used to generate electrons. 20 ml of
the sample was degassed by bubbling with argon. Typical
intensities were in the range of 300-500 mV. The de-
crease of the hydrated electron absorption was observed
for around 800 ns, at 720 nm for the native cytochrome
C, and at 750 nm for the modified proteins. This higher
wavelength for the modified proteins was preferred be-
cause these proteins retain the absorption band centered
at 695 nm in the AOT microemulsions. The quenching
was analysed using a non-linear least-squares fitting
(Pileni et al. 1984).

Cytochrome C modification and characterisation:
Protein modification

Ferricytochrome C was acetylated and succinylated by
the method of Finkelstein et al. (1981). The protein was
dissolved in a half-saturated solution of sodium acetate
or disodium succinate at 0 °C. Under stirring a five times
molar excess (referred to the number of lysine groups) of
acetic/succinic anhydride was added in portions. After
30 minutes the reacting solutions were dialysed (spec-
trapore, mwco 6 000—8 000) against several exchanges of
millipore water at 4 °C and the pH was adjusted to 7. The
protein solutions were concentrated before Iyophilization
using a Diaflo ultrafiltration unit equipped with a PM10
membrane. The cytochrome C solutions were further
washed, using the ultrafiltration unit, with millipore wa-
ter until the eluate showed a low and constant conductiv-

ity.

HPLC

HPLC separation was performed on a strong anion
exchanger column, TSK-Gel DEAE-5PW (15c¢m x
21.5mm ID). A Waters 600E system equipped with a
Waters 991 detector system was used for the analyses.



Table 1. Charge density of native and modified cytochrome C at
pH 8.4

Group pKa  number Native Acetyl  Succinyl
Terminal COO~ 2,0 1 —1 —1 —1
Asp, Glu 4,5 12 —12 —12 —12
His 6,0 2 0 0 0
Lys 10,5 19 +19 +78 +9
Arg 12,5 2 +2 +2 +2
Succ-COO ™ 45 - - - —10
Net charge + 8,0 —32 —12

The column was equilibrated and the proteins dissolved
in 20 mM Tris-HCI buffer, pH 8.15. The proteins were
eluted using a linear gradient of the same buffer contain-
ing 0-0.4 M NaCl in 60 minutes. Under the conditions
employed, any native cytochrome would elute with the
dead volume, whereas the acetylated and succinylated
species elute at 35 and 50 minutes after injection, respec-
tively. Both preparations were found to be almost com-
pletely free of any native protein.

Protein average charge

The theoretical charge of the native cytochrome C was
calculated from the chemical composition (Dickerson
and Timkovich 1975), assuming the pK, values indicated
in Table 1 and that all polar amino acids are situated on
the surface. The heme propionate groups give no contri-
bution to the charge since they are deeply buried within
the protein matrix (Buchnell et al. 1990) and the tyrosine
groups are assumed to be non-dissociated.

The degree of modification was determined by titra-
tion of the numbers of free — NH, groups using an OPA
reagent (Church et al. 1985). The cytochrome C was
mixed with the reagent solution to give a protein concen-
tration of 0—20 uM. After 2 minutes incubation, the ab-
sorbance was measured at 335.5 nm. From the slope and
using the literature value of the extinction coefficient,
e=6000 M~ tcm™!, the residual numbers of —NH,
groups was deduced. Using this value the charge of the
modified proteins was calculated. At pH 8.4 the acetylat-
ed protein was found to have a net charge of approxi-
mately —3 and the succinylated form —12, whereas the
native cytochrome had a positive net charge of 8 (these
values are given in Table 1).

Spectrophotometric characteristics

In aqueous solution, the absorption spectrum of native
cytochrome C is well known and characterised by a Soret
band centred at 409 nm, q bands around 550 nm and a
weak absorption peak centred at 695nm. The spectral
properties of the modified proteins were found to be al-
most indistinguishable from those of the native protein,
when solubilized in the borate buffer, in the range 300—
750 nm. The only difference to be noted is a small shift in
the maximum of the Soret-band for the acetylated form
407 instead of 408 for the native cytochrome.
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Fig. 1. Phase behaviour of 0.1 M AOT-isooctane-25 mM borate
buffer containing, as referred to the overall volume, 0.2 mM of
native A, acetylated B and succinylated C cytochromes C, respec-
tively. L denotes the homogenous microemulsion region, 2 the two
phase system with excess water in equilibrium with a microemulsion
and 2 the two phase system with excess oil in equilibrium with a
microemulsion phase

The protein concentration was determined by reading
the absorbance at 550 nm for the reduced cytochrome C,
using the corresponding extinction coefficient, &=
27700 M~ 'cm™!. The protein was totally reduced by a
few grains of dithionite.

Results and discussion

Changes of the microemulsion phase behaviour
in the presence of native and modified cytochrome C:

The phase behaviour of the native cytochrome C in AOT/
isooctane microemulsions is illustrated in Fig. 1A as a
function of the water content, w = [H,0]/[AOT]. The
isotropic microemulsion phase, represented by L, is sta-
ble at ambient temperatures. At temperatures below the
microemulsion region there is a two-phase region where
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the microemulsion is in equilibrium with excess water (2).
At higher temperatures one observes a two-phase region
consisting of a microemulsion in equilibrium with excess
oil (2).

Using the chemically modified cytochromes one ob-
serves a major change in the phase behaviour as com-
pared with a system containing the native cytochrome C.
The schematic phase diagram is given in Fig. 1B for the
acetylated cytochrome and in Fig. 1 C for the succinylat-
ed species. Using isooctane as oil and 0.2 mM of the
protein derivatives it is not possible to obtain a micro-
emulsion phase for all three proteins at room tempera-
ture. This causes a problem when one wants to compare
the three proteins using an equivalent microemulsion
solvent. However, a shift in the phase behaviour can be
obtained by changing the oil of the continuous phase
(Kunieda and Shinoda 1980); for an ionic surfactant a
microemulsion can be formed at lower temperatures as
the length of the hydrocarbon increases. In Fig. 2 the
phase behaviour of AOT-brine-decane system is present-
ed without protein and containing native, acetylated and
succinylated cytochrome C. As can be seen, the micro-
emulsion phase is observed at lower temperatures as
compared with the system composed of isooctane. Also,

the relative position of the phase boundary changes for

the different proteins added to the system. The native
cytochrome C induces a phase transition at lower temper-
atures when compared with a system without protein.
The acetylated protein hardly affects the temperature for
the phase transition, whereas for the succinylated protein
the phase transition is found at higher temperatures.

Percolation processes observed using filled and unfilled
microemulsions:

As the temperature in the one-phase microemulsion re-
gion is varied, keeping W constant, the microstructure
changes (Chen et al. 1990). The temperature changes the
solubility of the AOT surfactant. With increasing temper-
ature the AOT becomes more hydrophilic. At low tem-
perature close to the 2-phase border, water-in-oil droplets
are formed, and as the temperatures increases, these
droplets cluster and open up further a form a 3D net-
work. This change of the microstructure, sometimes re-
ferred to as percolation of the system, can be followed by
electrical conductivity measurements (Chen et al. 1990).
The percolation onset can be changed by different addi-
tives. It has been demonstrated that the solubilisation of
high concentrations of native cytochrome C (4 proteins
per water droplet) favours the percolation process with
an increase in the conductivity at lower polar volume
fraction and temperature (Huruguen and Pileni 1991).
Similar behaviour is also observed for lower native cy-
tochrome C concentrations as shown in Fig. 3A (0.4 mM
cytochrome corresponds to 3 proteins per water droplet,
at W =40 and 0.1 M AOT). Here the conductivity is
plotted as a function of the temperature. As the native
cytochrome C concentration increases, the percolation
onset is induced at lower temperatures. The behaviour of
the microemulsion containing the acetylated and succiny-
lated cytochrome C shows the opposite behaviour as
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Fig. 2. Phase behaviour of 0.1 M AOT-decane-25 mM borate buffer
without protein (m) and containing 0.2 mM of the native (a), acety-
lated (o) and succinylated (#) cytochrome C as referred to the
overall volume. Notations as above

compared with the case of native cytochrome C. As seen
in Figs. 3B and 3 C the percolation is observed at higher
temperatures as the protein concentration increases, with
one exception for the acetylated protein at 0.4 mM that
showed the same critical temperature for the percolation
onset as the system without any protein. A simple salt
effect could explain the data observed for the modified
cytochrome C. In Fig. 3D the effects on the percolation
of sodium chloride are illustrated, the percolation onset is
shifted to higher temperature when the salt concentration
increases. However, a simple salt effect cannot explain
the behaviour observed when using native cytochrome C,
where the temperature of percolation onset decreases
with increasing cytochrome C concentration (Fig. 3A).
From Fig. 3 A one can note that the maximal conductiv-
ity before phase separation gets lower with increasing
cytochrome concentration. This behaviour could be ex-
plained either by the presence of the strong dipole mo-
ment (up to 300 Debyes) of native cytochrome C induc-
ing dipole-dipole interactions between droplets or by the
hydrophobic character of the protein favouring the inter-
connection between the microphases or by a change
head-group area of the surfactant.

In Figure 4 the behaviour of an AOT/brine/decane
microemulsion containing either of the three proteins is
compared to a protein free microemulsion (indicated at 0
in the graph). The temperatures for the phase transition
and the percolation onset are given as a function of the
charges of the proteins. This figure confirms again that
the percolation onset, as compared to a protein free
system, is reached at lower temperatures for the native
cytochrome C and at higher temperatures for the two
modified cytochromes. One remarkable observation is
that the temperature range in which the system is highly
conducting, varies for the different systems: for the
microemulsion containing the native and acetylated
protein this range is 3.5°C, and for the empty and the
succinylated protein the interval is 6 degrees.

Spectroscopic characteristics of native and modified
cytochrome C in microemulsions

The UV-VIS spectrum of cytochrome C can give infor-
mation about the protein conformation. Horse ferricy-
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Fig. 4. Percolation (p) and phase transition (m) temperatures as a
net charge of the proteins in a microemulsion composed of 0.1 M
AOT-decane-25 mM borate buffer, at W = 40 using 0.2 mm of the
cytochromes. The values at 0 indicates the protein free system

Table 2. Spectral properties of native and modified cytochrome C
in buffer and in AOT microemulsions, Wo = 20

Cytochrome C Solvent Heme 695-band
Native Borate buffer 408 Present
AOT 407 Absent
Succinylated Borate buffer 408 Present
AQOT 408 Present
Acetylated Borate buffer 407 Present
AOT 407 Present

tochrome C is known to proceed through stages of denat-
uration, all with different absorption characteristics
(Drew and Dickerson 1978):

i) Part of the polypeptide uncoupled from the heme,
this gives a shift of the Soret band from 409 to 407 nm.

to be different as compared to those for the protein dis-
solved in pure buffer (Douzou et al. 1979; Visser et al.
1982; Brochette et al. 1988). At low hydration degree,
W < 15, the absorption of the Soret band is blue shifted
with an increase of its intensity. The CD spectra of native
cytochrome C in AOT reverse micelles have shown that
the helical structure is partly lost, whereas in CTAB mi-
croemulsions no perturbation was observed (Vos et al.
1987). Furthermore, the 695 nm absorption band due to
heme-bound methionine was also lost when solubilizing
cytochrome C in an AOT microemulsion (Brochette et al.
1988). The change of the absorption spectrum at low
water content can be attributed to an increase in the
interactions between the polypeptide and the heme. The
disappearance of the 695 nm band and the changes in the
CD spectra indicate that the native cytochrome Cisin a
non-native configuration in AOT reverse micelles.

Our experimental data confirms the perturbations of
the spectroscopic properties of native cytochrome C dis-
solved in AOT microemulsions. Table 2 represents the
maximum for the Soret band and the absence or presence
of the 695-band for the native, acetylated and succinylat-
ed cytochrome C dissolved in buffer and in an AOT mi-
croemulsions. For the native protein a blue shift is ob-
served for the Soret band and no absorption is found at
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695 nm, whereas in the case of the acetylated and succiny-
lated cytochromes, the absorption spectra are unchanged
as compared with those obtained in aqueous solution as
characterised by the Soret and q bands and normal
695 nm band. This indicates that the modified, negatively
charged, cytochromes do not interact with the interfacial
wall of the AOT reverse micelles.

Redox-activity of native and modified cytochrome C
in microemulsion

In an aqueous solution the Fe? * ion is oxidised if O, is
present. However, in cytochrome C the polypeptide pro-
tects the Fe? * ion from the surrounding solvent and the
reduced native cytochrome C remains stable. The stabili-
ty of the reduced form of the native cytochrome has been
tested when dissolved in microemulsions. The protein
was reduced by sodium dithionite and dialysed; the re-
duced protein was injected into a microemulsion and the
absorbance at 550 nm was followed. The results are given
in Table 3 as a function of the W value of the microemul-
sions. For the native cytochrome the reduced form is only
stable at W = 10, whereas for the two modified proteins
the reduced form is stable at all W values investigated.
This is most probably explained by a destabilised tertiary
structure of the native cytochrome induced by the elec-
trostatic interactions between the positively charged
protein and the negatively charged interface. This is also
confirmed by the fact that native cytochrome C loses its
695 nm absorption band in AOT reverse micelles. Where-
as for the two negatively charged cytochromes, the
proteins are repelled from the negative AOT and confined
inside the water pool of the droplets.

Average location of cytochromes determined by pulse
radiolysis:

To further confirm these results the average locations of
the proteins dissolved in the reverse micelles were exam-
ined by kinetic measurements using hydrated electrons
developed in the laboratory (Pileni et al. 1984; Petit et al.
1986). From the reaction rate constant, k, of the hydrat-
ed electrons with a probe solubilized in a reverse micelle,
the average location of the probe can be deduced, assum-
ing that the symmetry of the micelles is spherical and the
intra-micellar exchange is slower than the quenching pro-
cess. The model is confirmed by Gostle et al. (1986) who
suggested that the rate of the quenching depends on r™~ 3
for a probe located in the aqueous core of the micelle and
onr~ 2 if the probe is located at the interface. As the water
pool radius, at W < 50, is directly proportional to W
(Pileni et al. 1985) one expects the quenching rate con-
stant, kg, to vary with W~ * or W™ 2, depending on the
location of the probe.

The pulse radiolysis experiments require a high
protein concentration and, as discussed above, the in-
crease in cytochrome concentration induces changes in
the phase behaviour. Because of this, different oils were
used for the three proteins. Isooctane was used for the
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Table 3. Stability of the reduced form of cytochrome C in AOT
microemulsions

Cytochrome C Wo=10 Wo=20 Wo=30 Wo=40
Native Stable Unstable U U
Succinylated S S S S
Acetylated S S S S

native cytochrome C, nonane for the acetylated and de-
cane for the succinylated protein. All samples investigated
have a low conductivity, which indicates a droplet struc-
ture. In Fig. 5A~C, log k, versus log W is plotted for the
native, acetylated and succinylated cytochromes. The
slope for the native and acetylated cytochromes was
found to be —2.2, that for the succinylated protein was
—2.9. The scatter of the experimental points is due to
changes in the electron intensities. Here all the data
points are given and the mean values were used to calcu-



late the slopes. The experimental errors can be estimated
to be less than 15%. However the consistency of the re-
sults was verified by repeating the experiments and ob-
taining very similar results.

These results confirm the strong perturbation of the
spectral and activity data for the positively charged native
cytochrome, indicating that the protein is situated at the
AOT interface, whereas the negatively charged succiny-
lated cytochrome Cis dissolved in the aqueous core of the
reverse micelle. The result for the acetylated protein can
be explained by the fact that the electron-transfer interac-
tion domain is still positively charged, though with a low-
er charge density. There might also be another type of
hydrophobic interaction. However, since the acetylated
protein retains the native spectral properties and is also
stable in the reduced form, the tertiary structure of the
protein must be well preserved when incorporated into
the micellar solvent.

Conclusions

Native, positively charged, cytochrome C is strongly as-
sociated with the negatively charged AOT interface: this
induces mutual changes of both the protein folding and
the microemulsion phase behaviour. The perturbed ter-
tiary structure of cytochrome C changes the spectral and
redox properties of the protein. This is further supported
from the literature where conformational changes are
found to be induced by electrostatic interactions with
various negatively charged surfaces such as phospholipid
vesicles (Hildebrandt et al. 1990) and cardiolopin bilayers
(Spooner and Watts 1991). Structural changes of cy-
tochrome C in AOT micelles are also found using reso-
nance Raman spectroscopy (Hildebrandt and Stock-
burger 1989). Part of the a-helix structure was shown to
be lost when the native protein was mixed with negatively
charged direct micelles (Jongh et al. 1992). The presence
of the native cytochrome C also changes the behaviour of
the AOT interface. The surfactant headgroups are proba-
bly forced to a less dense packing, which gives a lower
mean curvature to the surfactant film. This is reflected in
a strong preferance of an interconnected system to form
discrete micelles; hence the temperature for the phase sep-
aration is decreased. If on the other hand, the protein is
converted to a highly negative polyelectrolyte, the effects
in an AOT microemulsion will be the same as for a mono-
valent salt such as NaCl, and the protein will retain the
same properties as in a pure buffer solution.

Acknowledgements. Mr. . Potier is kindly acknowledged for his
technical assistance with the pulse radiolysis experiments. So is the
National Swedish Board for Technical Development and CEN
Saclay for providing the post-doctoral research fellowship. Dr. S.
Felix is acknowledged for his linguistic advice.

References

Balny C, Douzou P (1979) New trends in cryoenzymology: II
Aqueous solutions of enzymes in apolar solvents. Biochimie
61:445-452

415

Brochette P, Petit C, Pileni MP (1988) Cytochrome C in sodium
bis (2-ethylhexyl) sulfosuccinate reverse micelles: Structure and
reactivity. J. Phys Chem 92:3505-3511

Buchnell GW, Louie GV, Brayer GD (1990) High resolution three-
dimentionel structure of horse heart cytochrome C. J Mol Biol
214: 585595

Chen SH, Chang SL, Strey R (1990) Structural evolution within the
one-phase region of a three-component microemulsion system:
Water-n-decane-sodium-bis-ethylhexylsulfosuccinate (AOT). T
Chem Phys 93:1907-1918

Church FC, Porter DH, Catignani GL, Swaisgood HE (1985) An
o-phthalaldehyde spectrophotometric assay for proteinases.
Analyt Biochem. 146:343--348

Dickerson RE, Timkovich R (1975) Cytochromes C. In: Boyer PD
(ed) the enzymes part a, Academic Press, pp 397-497

Douzou P, Keh E, Balny C (1979) Cryoenzymology in nonaqueous
media: Micellar solubilized water clusters. Proc Natl Acad Sci
USA 76:681—684

Drew HR, Dickerson E (1978) The unfolding of the cytochromes in
methanol and acid. J Biol Chem 253: 84208427

Ermin AN, Metelitsa DI (1983) Structural organization of hemo-
proteins in inverted micelles of surface-active substances. Dokl
Akad Nauk SSSR 269:991-994

Finkelstein E, Rosen GM, Patton SE, Cohen MS, Rauckman EJ
(1981) Effect of modification of cytochrome C on its reaction
with superoxide and NADPH: cytochrome P-450 reductase.
Biochem Biophys Res Comm 102: 10081015

Genkin MV, Davydov RM, Belovolova LV, Yuschishina AN,
Krylov OV (1989) Catalytic and redox reactions of proteins and
low molecular weight reactants in reverse micelles. J Mol Cat
56:249-259

Gosele U, Klein UKA, Hauser M (1986) Diffusion-controlled reac-
tion kinetics in micelles. Chem. Phys. Lett 68:291-295

Hildebrandt P, Heimburg T, Marsh D (1990) Quantitative confor-
mational analysis of cytochrome C bound to phospholipid vesi-
cles studied by resonance raman spectroscopy. Eur Biophys J
18:193-201

Hildebrandt P, Stockburger M (1989) Cytochrome C at charged
interfaces. 2. Complex with negatively charged macromolecular
systems studied by resonance raman spectroscopy. Biochem
28:6722—-6728

Huruguen JP, Authier M, Greffe JL, Pileni, MP (1991) Percolation
process induced by solubilizing cytochrome C in reverse mi-
celles. Langmuir 7:243-249

Huruguen JP, Pileni MP (1991) Drastic change of reverse micellar
structure by protein or enzyme addition. Eur. Biophys. J
19:103-107

Jongh HHJ, Killian JA, Kruijff B (1992) A water-lipid interface
induces a highly dynamic folded state in apocytochrome c and
cytochrome C, which may represent a common folding interme-
diate. Biochem 31:1636-1643

Kunieda H, Shinoda K (1980) Solution behaviour and hydrophile-
liphophile balance temperature in the aerosol OT-isooctane-
brine system: Correlation between microemulsions and ultralow
tensions. J Col Int Sci 75: 601606

Larsson K, Olsson U, Adlercreutz P, Mattiasson B (1991) Enzyme
catalysis in uni- and bi-continous microemulsions: Kinetic de-
pendance on substrate partitioning. J Chem Soc Faraday Trans
87:465-471

Lindsay DE, Herbert RG, Barker PD, Mauk AG, Northrup SH
(1991) Reduction of horse heart ferricytochrome C by bovine
liver ferrocytochrome bs. Experimental and theoretical analysis.
Biochem 30:3663-3674

Luisi PL, Giomini M, Pileni MP, Robinson BH (1988) Reverse
micelles as hosts for proteins and small molecules. Biochem
Biophys Acta 947:209-246

Margoliash E, Bosshard HR (1983) Guided by electrostatics, a
textbook protein comes of age. TIBS 8:316-320

Martinek K, Klyachko NL, Kabanov AV, Khmelnitsky YL,
Levashow AV (1989) Micellar enzymology: its relation to mem-
braneology. Biochem Biophys Acta 981:161-172



416

Petit C, Brochette P, Pileni MP (1986) Hydrated clectrones in re-
verse micelle: 3 distribution and location of probes such as ions
and hydrophilic proteins. J Phys Chem 60: 65176521

Pileni MP (1989) Structure and reactivity in reverse micelles. El-
sevier, Amsterdam

Pileni MP, Brochette P, Hickel B, Lerebours B (1984) Hydrated
electrones in reverse micelles: 2 Quenching of hydrated electrons
by sodium nitrate. J Coll Int Sci 98: 549554

Pileni MP, Zemb T, Petit C (1985) Solubilization by reverse micelles:
Solute location and structural pertubation. Chem Phys Lett
178:414-420

Shield JW, Ferguson HD, Bommarious AS, Hatton TA (1986). Ind
Eng Chem Fund 25:603-612

Spooner PJR, Watts A (1991) Reversible unfolding of cytochrome
C upon interaction with cardiolipin bilayers. 1. Evidence from
deuterium NMR measurements. Biochem 30: 38713879

Visser AJWG, Fendler JH (1982) Reduction of reversed micelle
entrapped cytochrome ¢ and cytochrome C; by electrons gener-
ated from pulse radiolysis or pyrene photoionization. J Phys
Chem 82:947-950

Vos K, Laane C, Weijers SR, Van Hoek A, Veeger C, Visser JWG
(1987) Time-resolved fluorescence and circular dichroism of
porphyrin cytochrome C and Zn-porphyrin cytochrome C in-
corporated in reverse micelles. Eur J Biochem 169:259--268



