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The interaction of lipase from Candida cylindracea (CCL) with positively charged polymerizable surfactant vesicles was studied 
by the use of steady-state fluorescence techniques. The phase transition of vesicles composed of nonpolymerized and 
polymerized N-allylbis[2-(hexadecanoyloxy)ethyl]methylammonium bromide (ABHEMA Br) was determined in the absence of 
lipase, by measuring the change in fluorescence anisotropy of the membrane probe 1,6-diphenyl-l,3,5-hexatriene (DPH). The 
phase transition temperature for nonpolymerized vesicles is 49°C and for the polymerized analogues 45°C. Fluorescence 
anisotropy and resonance energy transfer measurements were used to illustrate the incorporation of the lipase in the vesicle 
membrane. These studies demonstrated that CCL is incorporated into the hydrophobic bilayer of the vesicle. By using an 
interracial membrane probe 1-[4-(trimethylammonium)phenyl]-6-phenyl-l,3,5-hexatriene p-toluene sulphonate, TMA-DPH) and 
an internal membrane probe (DPH), it could be determined that the enzyme is incorporated more efficiently into nonpolymer- 
ized vesicles, and that the penetration of the enzyme into the bilayer is less deep in the case of the polymerized vesicles. 

Introduction 

Vesicles can be formed from a broad variety of 
amphiphilic molecules and have well-defined surface 
properties [1-3]. Due to these characteristics, the ap- 
plication of vesicular systems is versatile, ranging from 
the use as model systems for biological membranes 
[4,5] and the reconstitution of membrane proteins [6], 
to the entrapment of all sorts of compounds including 
enzymes [7,8]. The stability of vesicles can easily be 
enhanced by the use of polymerizable surfactants. 
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Abbreviations: ABHEMA Br, N-allylbis[2-(hexadecanoyloxy) 
ethyl]methylammonium bromide; CCL, Candida cylindracea lipase; 
DPH, 1,6-diphenyl-l,3,5-hexatriene; EM, electron microscopy; ET, 
energy transfer; F, fluorescence (intensity); I± ,  fluorescence inten- 
sity perpendicular to the polarized excitation; lip fluorescence inten- 
sity parallel to the polarized excitation; r, anisotropy; RITC, rho- 
damine X isothiocyanate; RITC-CCL, rhodamine-labelled Candida 
cylindracea lipase; To, phase transition temperature (°C); TMA-DPH, 
l-[4-(trimethylammonium)phenyl]-6-phenyl- 1,3,5-hexatriene p- 
toluenesulfonate; Trp, tryptophan; Tyr, tyrosine. 

Polymeric surfactants have proven to be considerably 
more stable than the nonpolymerized analogues [9]. 
For practical applications of enzyme-vesicle systems, 
e.g., for the stabilization of enzymes, the development 
of drug targeting systems and in order to create micro- 
bioreactors, it is desirable to have samples of high 
stability. Therefore,  we were interested in the be- 
haviour of lipase from Candida cylindracea incorpo- 
rated in polymerizable synthetic surfactant vesicles [10]. 
In earlier publications we have described the effect of 
incorporation on enzymatic activity [11] and on stability 
[121. 

We now wish to report  a study on the interaction of 
Candida cylindracea lipase (CCL) with positively 
charged, polymerizable surfactant vesicles. By the use 
of fluorescence anisotropy, the microviscosity of the 
bilayer of nonpolymerized and polymeric N-allylbis[2- 
(hexadecanoyloxy)ethyl]methylammonium bromide 
(ABHEMA Br) vesicles and their phase transition tem- 
peratures could be determined. 

By the use of fluorescence energy transfer, the in- 
corporation of native CCL from the bulk aqueous 
phase into the vesicle bilayer was monitored. In addi- 
tion, anisotropy measurements were used for monitor- 
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I. N-al]ylbis[2-(hexadecanoyloxy)ethyl]methylammonium 
bromide (ABHEMA Br). 

ing the interaction between vesicles and lipase modi- 
fied with a rhodamine label. 

Materials and Methods 

Enzymes/reagents. Purification of Candida cylin- 
dracea lipase (CCL; lipase OF, Meito Sangyo) and 
synthesis of the polymerizable surfactant N-allylbis[2- 
(hexadecanoyloxy)ethyl]methylammonium bromide 
(ABHEMA Br) were described previously [13]. Tris(hy- 
droxymethyl)aminomethane (Tris; 99 + %) and 1,6-di- 
phenyl-l,3,5-hexatriene (DPH; 98%) were obtained 
from Janssen Chimica; Sephadex G-25 (superfine) was 
purchased from Pharmacia. Rhodamine X isothio- 
cyanate (RITC) and 1-[4-(trimethylammonium)phenyl]- 
6-phenyl-l,3,5-hexatriene p-toluene sulphonate (TMA- 
DPH) were supplied by Molecular Probes. All aqueous 
solutions were prepared in particle free, demineralized 
and deionized water, purified by a Seralpur Pro 90C/  
Seradest LFM water purification system. 

Preparation of rhodamine-labelled CCL. Candida 
cylindracea lipase was modified with a rhodamine label 
by mixing 3.46 mg of lipase (59 nmol) in 2 ml of 10 mM 
Tris-HC1 buffer (pH 9) and 0.5 mg (14.5 equiv.) rho- 
damine isothiocyanate (RITC) in 0.5 ml buffer. After 2 
h reaction time, the labelled protein was separated 
from the unreacted label by passing the reaction mix- 
ture through a Sephadex G-25 column, using 1 mM 
Tris-HCl (pH 7) as an eluent. The label to protein ratio 
was determined by means of U V / V i s  spectrophotome- 
try. In separate measurements, the extinction coeffi- 
cients • for RITC at 278 and 578 nm and for CCL at 
278 nm were determined. The extinction coefficient of 
lipase at 578 nm was negligible. The label concentra- 
tion in the modified enzyme was determined from the 
absorbance at 578 nm. The protein concentration was 
calculated from the absorbance at 278 nm, which had 
to be corrected for the contribution of the absorbance 
originating from the label at that wavelength. Thus, the 
label to protein ratio was calculated from Eqn. 1: 

A578 1 

label-to-protein ratio = -- ( A578 .J RITC~ (I) 
( /t 278 -- ¢t " ~ " ~  )'. e 278 /~ ) 

~578 .] 
CCL ¢ 278 

A = absorbance of the labelled protein at 278 nm (A278) 
and at 578 n m  (A578) , E = molar extinction coefficients 
for CCL at 278 nm and RITC at 278 nm and 578 nm 

CCL 36700 M - l ,  e ~  xc 11700 M - l ,  e~I8 Tc E278 = = 
25500 M-I ) .  

Preparation of vesicle solutions. Unlabelled vesicles 
were prepared by sonication of dispersions of nonpoly- 
merized or polymeric N-allylbis[2-(hexadecanoyloxy) 
ethyl]methylammonium bromide. Polymeric ABHEMA 
Br was prepared by prepolymerization of the surfactant 
in tetrahydrofuran via radical polymerization as de- 
scribed previously [11]. Vesicles were provided with 
membrane probe molecules by mixing stock solutions 
of nonpolymerized or polymeric ABHEMA Br in chlo- 
ro fo rm/e thano l  (5/1,  v / v ) w i t h  DPH or TMA-DPH 
stock solutions in chloroform. The solvent was evapo- 
rated under a stream of nitrogen and the samples were 
kept under high vacuum for at least 15 min in order to 
remove any traces of organic solvent. Next, the samples 
were rehydrated with a proper amount of Tris-HC1 
buffer (1 mM, pH 7) and subsequently vesiculated by 
sonication for 10 min at 60°C using a VC-300 Sonics 
and Materials probe sonifier equipped with a microtip 
set at output level 3. Before use, all solutions were 
centrifuged for 30 min at 15 500 × g in a Sigma 202M 
centrifuge, and were passed through a Millipore filter 
(pore size 0.45 /~m) in order to remove any possible 
titanium particles from the sonifier tip. 

Energy transfer measurements. Fluorescence energy 
transfer studies were carried out on an Aminco fluo- 
rimeter DMX-1000 from SLM Instruments with excita- 
tion and emission monochromator slits set at 5 nm. 
The various vesicles stock solutions (20 mM A B HEMA 
Br: nonpolymerized or polymeric) were titrated to a 50 
/xg /ml  CCL (850 nM) solution (1 mM Tris-HC1, pH 7). 
The surfactant to label molar ratios were 40 : 1 (DPH) 
or 50:1 (TMA-DPH). The titrations were carried out 
at 20°C. The excitation wavelength was set to 280 nm; 
the experiments were carried out at room temperature 
with continuous stirring. The titrations with nonpoly- 
merized vesicles were carried out to a maximum of 300 
/zM (in the case of DPH as the membrane probe) or 
158 /zM (in the case of TMA-DPH).  At a concentra- 
tion of 158/zM, the enzyme-vesicle solutions started to 
flocculate. In the case of titration with polymerized 
vesicles, this problem does not occur. All measure- 
ments were carried out in duplicate, the standard devi- 
ation in all cases was less than 3.1%. 

Fluorescence anisotropy. Steady-state fluorescence 
anisotropy measurements were carried out with a home 
build T-format fluorescence polarization apparatus with 
single photon counting detection. The excitation wave- 
length was set to 576 nm and the emission wavelength 
to 610 nm. All solutions were stirred continuously 
during the measurements. The titrations were carried 
out at 20°C. The fluorescence anisotropy r was calcu- 



lated from Eqn. 2. All measurements were carried out 
in duplicate, standard deviation never exceeded 1.9%. 
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Phase transition determination of ABHEMA Br vesi- 
cles. The phase transition of nonpolymerized and poly- 
meric A B H E M A  Br vesicle membranes was examined 
by monitoring the anisotropy of the membrane probe 
DPH (surfactant to label ratio 500:1). The tempera- 
ture of the vesicle solutions was increased from 20°C to 
60°C with 2°C increments. The temperature in the 
cuvettes was controlled by the use of a jacketed cuvette 
holder that was connected to a thermostated water 
bath (Lauda RMG). The cuvettes were allowed to 
equilibrate for 15 min before each measurement; the 
real temperature was determined by sampling with a 
thermometer.  DPH was excited at 360 nm and fluores- 
cence was measured at a maximum of 450 nm (Balzers 
K45 interference filter) in combination with a cutoff 
filter (Schott KV399, 3 mm). 

Anisotropy of RITC-CCL. The incorporation of rho- 
damine-modified lipase in ABHEMA Br vesicles was 
determined by steady-state fluorescence anisotropy 
measurements. Aliquots of 5 mM nonpolymerized or 
polymeric A B H E M A  Br vesicles were titrated to solu- 
tions of 240 / zg /ml  (4.10 /zM) RITC-CCL in 1 mM 
Tris-HC1 buffer (pH 7). The excitation wavelength was 
set to 580 nm and the emission was measured at 613 
nm (Balzers 613 nm interference filter) in combination 
with a cutoff filter (Schott RG610, 3 ram). 

Results and Discussion 

Phase transition of ABHEMA Br bilayers 
The gel to liquid crystalline phase transition in non- 

polymerized and polymeric ABHEMA Br vesicles was 
determined via fluorescence anisotropy by the use of 
DPH as a membrane probe. The DPH molecule is 
oriented in the hydrophobic core of the bilayer and by 
this, serves as an excellent probe for studying the order 
in membrane bilayers [14,15]. The gel to liquid transi- 
tion of the alkyl chains in the vesicle bilayer is charac- 
terized by a drastic change in anisotropy. The fluores- 
cence anisotropy versus temperature profile, as de- 
picted in Fig. 1, indicates that the trajectory of the 
phase transition of ABHEMA Br bilayer is broadened 
upon polymerization. The phase transition tempera- 
ture Tc, which is defined as the centre of the transition 
trajectory, for nonpolymerized and polymeric vesicles 
are valued at 49°C and 45°C. Dorn and Ringsdorf [16] 
obtained similar results, lowering of T c upon surface 
polymerization, with differential scanning calorimetry 
studies using vesicles from quaternary dialkyl ammo- 
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Fig. 1. Phase transition trajectory for nonpolymerizcd and polymer- 
ized ABHEMA Br vesicles when heated from 20°C to 60°C with 2°C 
increments, determined via fluorescence anisotropy using DPH as 
the membrane probe (surfactant-to-label ratio: 500:1; excitation 

wavelength: 360 nm; emission wavelength: 450 nm). 

nium surfactants with a surface-polymerizable moiety 
attached to the headgroup. 

It is a known phenomenon that alteration in the 
surfactant headgroup size results in an altered packing 
density of the headgroups and consequently in the 
phase transition behaviour of the membrane [17-19]. 
Headgroups are pulled together upon polymerization, 
which causes clefts in the bilayer structure [20]. The 
surfactant chains near these clefts will have a higher 
degree of freedom, which results in a decrease in T c. 
DPH molecules, which will be redistributed in the 
bilayer via translational diffusion, will have an in- 
creased rotational motion when they are located in 
these clefts. As a result of these inhomogeneous struc- 
tures (clefts in bilayer), the phase transition trajectory 
will be broadened and shifted to lower values. 

Energy transfer studies 
Interaction of proteins with membranes can be mon- 

itored by fluorescence energy transfer [21,22]. This 
method is based on the nonradiative transfer of the 
excited state energy from a donor to an acceptor 
molecule. The extent of energy transfer depends mainly 
on the extent of overlap between the emission spec- 
trum of the donor and the absorption spectrum of the 
acceptor, and on the orientation and distance between 
them. The critical distance for energy transfer ranges 
from 2-5 nm, which is comparable to the radius of 
Candida lipase (3.5 nm, derived from references [23] 
and [24]) and the thickness of synthetic or biological 
membranes (4-6 nm) [25]. The transfer from protein 
molecules that remain free in solution (non-incorpo- 
rated) to the membrane can be considered negligible. 
The protein that contains the fluorescent amino-acid 
residues tyrosine (Tyr) and tryptophan (Trp), acts as 
the donor molecule for electronic excitation energy. 
The available data on the amino-acid composition of 
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Fig. 2. Changes in the fluorescence spectrum of Candida cylindracea 
lipase (50/xg/ml Tris, dashed line) upon addition of 2 p,l aliquots of 
20 mM nonpolymerized vesicles containing 0.4 mM DPH (excitation 

wavelength: 280 nm). 

lipase from Candida cylindracea, [26] suggest that CCL 
contains 4 or 5 Tyr residues and 16 Trp residues, which 
makes the enzyme very suitable for ET studies. 

The membrane probes, DPH and TMA-DPH are 
used as acceptor molecules for the protein excitation 
energy. The exact location of the two labels in a bilayer 
membrane is different. Whereas DPH is located in the 
hydrophobic core of the membrane, TMA-DPH is con- 
sidered to reside at the interface of the bilayer [27,15]. 
By the use of an internal and an interfacial label 
molecule, it was anticipated that information could be 
obtained of any preferential orientation about the in- 
corporated protein. 

A typical example of the change in the fluorescence 
spectrum of Candida lipase upon titration with DPH- 
labelled vesicles is depicted in Fig. 2. The decline of 
the fluorescence peak at 330 nm, which originates from 
the protein, coincides with an increase of the signal 
emanating from the label. This clearly indicates that 

lipase is in close proximity of the probe molecules. 
Considering the dimensions of the enzyme and the 
width of the bilayer, the major part of the protein is 
most likely located in the vesicle bilayer. 

The emission maximum of the tryptophan residues 
is a good probe for the exposure of these groups to the 
environment. In protein molecules, three different lo- 
cations for tryptophan residues are distinguished. Pe- 
ripheral tryptophans, which are fully exposed to the 
solvent, have an emission maximum from 340-350 nm. 
The maximum for semi-exposed tryptophans lies from 
330-340 nm, and buried residues show maximal emis- 
sion from 310-330 nm [28]. The shift of the spectral 
maximum position from 330 nm for the free lipase 
(dashed line) to 322 nm for the incorporated enzyme 
(solid lines), indicates that mainly peripheral and 
semi-peripheral Trp residues (emitting at longer wave- 
length) are involved in the energy transfer. 

In order to compare the (extent of) incorporation in 
nonpolymerized and polymerized vesicles, the decrease 
in fluorescence at 330 nm was taken as a measure for 
binding (Fig. 3). The fluorescence increase at 430 nm, 
as the result of the energy transfer from the protein to 
the membrane probe, yielded similar results (not 
shown). All curves were corrected for the fluorescence 
of the label in the absence of protein. The steep slopes 
for titration of enzyme with nonpolymerized vesicles 
containing DPH or TMA-DPH suggest that lipase is 
readily incorporated in the vesicle bilayer at tempera- 
tures below the phase transition temperature. Since 
the slopes for the titration curves for both DPH-con- 
taining (Fig. 3, left graph) or TMA-DPH-containing 
(Fig. 3, right graph) nonpolymerized vesicles are identi- 
cal, it is assumed that the protein is fully dispersed/  
partitioned in the hydrophobic core of the vesicle 
membrane. 

The span of time between successive measurements 
in the titration of CCL with vesicles, as illustrated in 
Fig. 2, was 3 min. The span of time, or incubation time, 
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Fig. 3. The fluorescence at 330 nm (vertical axis) monitored during the titration of a 50 /~g/ml CCL solution with nonpolymerized ( • )  or 
polymeric (D) vesicles containing the internal label DPH (left graph) and interfacial label TMA-DPH (right graph), the ABHEMA Br 

concentration is plotted on the horizontal axis (excitation wavelength: 280 nm). 



between two measurements, however, had no influence 
on the fluorescence. In separate experiments, it was 
shown that energy transfer was completed immediately 
after addition of vesicles to the lipase solution, and 
that the fluorescence signal did not alter any more with 
time (for the duration of maximal 1 h). The term 
'immediately' refers to the minimal time required for 
recording a fluorescence spectrum from 300-480 nm, 
which is amounted to 1.5 min. 

In the titration curve of lipase with nonpolymerized 
vesicles containing DPH, an estimation was made for 
the stoichiometry of the system (for further details see 
Appendix). At a concentration of 158 /~M in vesicles 
the curve shows a minimum value in fluorescence in- 
tensity F, which suggest saturation of vesicles with 
enzyme. The enzyme/surfactant ratio is 50/xg/ml : 160 
IxM, corresponding to molar ratios of 1:160 protein/ 
surfactant, and 1 : 0.016 protein/vesicle. Thus one vesi- 
cle contains about 60 lipase molecules. As can be 
deduced from the Appendix, 60 CCL molecules per 
vesicle means that 1/4 of the available vesicles surface 
is occupied by lipase. 

In the case of polymerized vesicles (Fig. 3, []) the 
slope of the decrease in fluorescence at 330 nm is less 
steep than in the case of nonpolymerized vesicles ( • ) .  
This is evidently due to the polymeric nature of the 
membrane. Surface polymerization changes the dis- 
tance between neighbouring surfactant headgroups as 
well as the packing density and order of the alkyl 
chains in the hydrophobic core of the bilayer. This 
makes polymerized ABHEMA Br vesicles less accessi- 
ble for protein than the nonpolymerized counterparts. 
The difference in slopes of the titration curves with 
polymeric vesicles containing DPH (left graph), an 
internal membrane probe, or TMA-DPH (right graph), 
a surface probe, suggests that CCL penetrates the 
vesicle bilayer less deeply than in the case of nonpoly- 
merized vesicles. 

The initial stage in the incorporation process will 
mainly be of an electrostatic nature [29,30]. However, 
lipases undergo structural changes upon contact with 
surfaces [31-33]. These structural changes generate the 
formation of an apolar surface around the active site 
[34], which might lead to complete insertion of the 
enzyme into the vesicle bilayer [35,36]. However, poly- 
merization decreases the accessibility of the bilayer for 
the enzyme. Incorporation of the protein will take 
place, but is reduced, as is illustrated by higher satura- 
tion concentrations in the titration curves of polymeric 
vesicles (400-500 izM, compared to 160 tzM for non- 
polymerized vesicles). In addition, a decreased accessi- 
bility of the polymeric bilayer is accompanied by a 
phenomenon as described earlier [11]. Directly after 
mixing of enzyme with polymeric vesicles the activity of 
the enzyme is very low. After an incubation time of 1 h 
the activity of the lipase-vesicle mixture is maximal. 
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Although fluorescence studies show that incorporation 
is a rather fast process, the activity of the incorporated 
enzyme is not immediately maximal. This may be the 
result of reorientation of the protein in the membrane, 
or reorientation of the surfactant molecules around the 
enzyme, which imparts a decreased accessibility of the 
active site upon incorporation in polymerized vesicles. 
Thus, incorporation in polymeric vesicles proceeds less 
facile than in the case of nonpolymerized vesicles and 
the polymeric nature of the vesiculated surfactant 
molecules initially lowers the enzymatic activity. 

Fluorescence anisotropy of RITC-labelled CCL 
Steady-state fluorescence anisotropy can be used for 

the characterization of the incorporation process of a 
protein into a vesicle bilayer. The rotational freedom 
of the protein will be restricted upon incorporation. 
Consequently, the anisotropy of the enzyme will rise 
upon addition of vesicles [22]. This phenomenon was 
used to monitor the lipase-vesicle interaction. 

It was not possible to use native enzyme for this 
purpose. Due to the high amount of tryptophans in 
Candida cylindracea lipase [26], a relatively small pro- 
tein (58.5 kDa [11]), fluorescence depolarization might 
be completely due to internal tryptophan-tryptophan 
energy transfer. This possibility prevents detection of 
protein-vesicle interaction by anisotropy measure- 
ments. Therefore, it was decided to use CCL surface- 
labeled with the red dye RITC. The rhodamine moiety 
is covalently coupled to lysine residues of the enzyme. 
From Tomizuka's data on the amino-acid composition 
of Candida cylindracea it can be calculated that CCL 
contains 15 lysine residues [26]. Under the conditions 
used, four to five residues were derivatized (Eqn. 1: 
Az78=0.371 and A578=0.480, see Materials and 
Methods). The derivatization considerably affected the 
properties of the enzyme. The specific activity of the 
labelled enzyme was reduced to 10% of the activity of 
the native enzyme. The modified enzyme is less stable 
than the native enzyme and might be denatured upon 
derivatization, which was denoted by precipitation of 
the protein upon prolonged standing. The isoelectric 
point of the enzyme is also altered, since the isothio- 
cyanate reacts preferentially with the (uncharged) 
amino groups of the lysine residues under basic condi- 
tions. Roberts and Tombs [37] have reported a de- 
crease of 1.2 and 1.0 pI units for two different lipases 
that were modified with fluorescein isothiocyanate. In 
our case however, this effect could not be confirmed by 
isoelectric focussing. The enzyme did not move from 
the spot where it was administered. This is most likely 
due to the reduced stability of the modified lipase 
which causes precipitation of the protein in the gel. 

Incorporation of the protein in vesicles should yield 
a gradual increase in fluorescence anisotropy. How- 
ever, the anisotropy of the rhodamine modified CCL 
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Fig. 4. Anisotropy of rhodamine modified CCL (240/zg/ml, 4.1 mM, 
4-5 rhodamine residues per enzyme molecule) when titrated with 
aliquots of 5 mM nonpolymerized or polymerized ABHEMA Br 
vesicle solutions (excitation wavelength: 580 nm; emission wave- 

length: 613 nm). 

first shows a decrease in case of titration with nonpoly- 
merized vesicles (Fig. 4). This may be explained by the 
existence of oligomeric aggregates of the enzyme. Due 
to derivatization of the lysine residues, the enzyme 
might tend to aggregate into oligomers because repul- 
sive interactions, which stabilize the monomeric pro- 
tein, have been diminished. Due to their amphiphilic 
nature, initial addition of vesicles may induce deaggre- 
gation of the oligomeric protein, which results in a 
decrease of the anisotropy. Further administering of 
vesicles will lead to an increase in anisotropy due to 
incorporation of the enzyme in the vesicles. Addition 
of polymerized vesicles to the modified enzyme solu- 
tion exhibits almost no change in anisotropy. Obvi- 
ously, the change in protein structure due to derivati- 
zation prevents incorporation of the modified enzyme 
into polymeric vesicles. It should be noted that cova- 
lent labeling can considerably alter the characteristics 
of the enzyme, which also might affect the incorpora- 
tion behaviour of the modified protein. 

Conclusions 
Fluorescence anisotropy and radiationless energy 

transfer are suitable techniques to monitor the interac- 
tion between lipase and synthetic vesicles. By the use 
of anisotropy, the phase transition temperature of non- 
polymerized and polymeric vesicles could be deter- 
mined. The results indicate that the packing density in 
both types of vesicles is distinct. In addition, fluores- 
cence anisotropy and energy transfer studies show that 
the enzyme is readily incorporated into the membrane. 
However, the affinity of the enzyme is higher for 
nonpolymerized vesicles. The lipase cannot penetrate 
the polymerized bilayer in the same extent as in the 
case of the nonpolymerized analogues, due to the 
altered membrane characteristics. 

Appendix 

Estimation of protein-to-vesicle ratio 
The mean radius of A B H E M A  Br vesicles is taken 

as 100 nm (mean value, derived from EM [11]), which 
yields an estimated surface area of a vesicle A v is 
125 000 nm 2. 

The radius of CCL, a globular protein with a molec- 
ular weight of 58.5 kDa, can be estimated from gel 
permeation chromatography [24] or from binding/  
adsorption measurements [23] and is valued at 3.5 nm. 
The minimal area occupied by a lipase molecule Acc  e 
on the vesicle surface is valued at 50 nm 2. 

At a concentration of a 5 0 - 6 0 / z g / m l  CCL (Ccc L = 
1 /z M) and at a A B H E M A  Br monomer concentration 
of 10 ~M, which corresponds to a vesicle concentration 
C v o f  10 -4  /zM (reported number of surfactant 
molecules per vesicle: 80000-100000 [38]), the en- 
zyme-to-monomer surfactant molar ratio is 1:10, the 
enzyme-to-vesicle molar ratio is 1:10 -4 and the en- 
zyme-to-vesicle surface area is thus valued at 4:1 
(CccL "AccL : Cv "Av = 1 • 50 : 10 -4" 125 000). 
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