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ABSTRACT: The interaction of deuteroporphyrin with dimyristoylphosphatidylcholine unilamellar vesicles 
of various sizes (ranging from 38 to 222 nm) has been studied using a stopped flow with fluorescence 
detection. Beside the kinetics of porphyrin incorporation into vesicles, the transfer of porphyrin from 
vesicles to human serum albumin has been investigated both experimentally and theoretically. The effects 
of both vesicle and albumin concentrations indicate that the transfer proceeds through the aqueous phase. 
It is governed by the rate of incorporation of porphyrin into the outer vesicle hemileaflet (ken), by the exit 
to the bulk aqueous medium (k,ff), and by the association (kas) and dissociation (kdis) constants relative 
to albumin. In both systems studied, a slower transbilayer flip-flop accounts for the biphasic character of 
the kinetics. This model is strongly supported by the effects of vesicle size, temperature, and cholesterol. 
The dependence of k,, on the vesicle size indicates that the incorporation is diffusion controlled. The 
constant k,tf is found to be closely coupled to the phase state of the bilayer. The transbilayer flip-flop rate 
constant is approximately the same in both directions (-0.4 s-l a t  32 OC and pH 7.4). It is strongly affected 
by the presence of cholesterol in vesicles and by the temperature, with a sharp enhancement around the 
phase transition. With the exception of very small vesicles obtained by sonication, no influence of the vesicle 
size on the flip-flop rate was observed. An accelerating effect of tetrahydrofuran, used to improve the 
solubility of porphyrin, has been noted. Steady-state measurements and kinetics results were in excellent 
agreement. The interest of systems involving albumin as a scavenger to extract important rate constants, 
is emphasized. 

New forms of selective therapies are being developed that 
are based on the generation of very toxic short-lived species 
upon the absorption of light by photosensitizing agents (Spikes 
& Straight, 1990). In a biological environment, these species, 
such as singlet oxygen, diffuse less than 0.1 pm (Moan & 
Berg, 1991) during their lifetime. Damages to biomolecules 
are thus determined by the localization of the photosensitizer. 
The charge and the hydrophobicity are the main determinants 
of subcellular localization of the photosensitizer (Berg et al., 
1990; Oenbrink et al., 1988) and, consequently, of photo- 
biological effects. Membrane structures, in particular mi- 
tochondria (Salet & Moreno, 1990), have been found to be 
particularly sensitive to photosensitization. A major applica- 
tion of photosensitization is the therapy of tumors which have 
been found to accumulatecertain photosensitizers, in particular 
porphyrins, with some selectivity [for general reviews, see 
Dougherty et al. (1990) and Moan and Berg (1992)]. There 
is however considerable controversy concerning the mecha- 
nisms responsible for tumor selectivity and the nature of the 
main targets at cellular or tumor levels (Henderson & 
Dougherty, 1992). 

A low-density lipoprotein receptor-mediated pathway, 
favored in tumor cells, has been suggested to be preponderant 
in the case of hydrophobic photosensitizers (Jori et al., 1984; 
Reyftmann et al., 1984; De Smidt et al., 1993). However, the 
correlation between the tumor selectivity and the affinity for 
low-density lipoproteins has been reported to be quite poor 
(Kongshaug et al., 1989). Alternatively, the low pH value of 
the interstitial fluid in tumors has been suggested to favor 
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passive cellular incorporation of carboxylic porphyrins (Moan 
et al., 1980). This hypothesis gained support from studies on 
the interactions of porphyrins with membrane models (Brault 
et al., 1986) and from recent in vivo experiments (Thomas & 
Girotti, 1989; Peng et al., 1991). Note that in vitro studies 
have shown that the translocation of porphyrins within cells 
isquitefast (Shulocket al., 1990). Thus, it appearsimportant 
to consider processes from a dynamic point of view whatever 
mechanisms are involved. Of particular importance is to know 
how photosensitizers can enter and cross bilayer structures 
such as the plasmic membrane, the lysosomal barrier, or the 
mitochondrial membranes and what are the determinants of 
these processes. 

These questions have obvious relevance to the dynamics of 
various amphiphilic biomolecules (Zana, 1986) and have been 
considered in the cases of the fatty acid transport (Doody et 
al., 1980; Storch & Kleinfeld, 1986; Kleinfeld & Storch, 1993), 
the bilirubin metabolism (Zucker et al., 1992), and the action 
mechanism of biological probes (Clarke & Apell, 1989). The 
dynamics of porphyrins within membranes is also pertinent 
to heme biosynthesis (Cannon et al., 1984; Light & Olson, 
1990). Lipidic, unilamellar vesicles were used as useful and 
reliable models making it possible to explore various aspects 
using spectroscopic and physicochemical methods (Blum & 
Grossweiner, 1985; Ricchelli et al., 1991). 

In the present paper, using a stopped-flow apparatus with 
fluorescence detection, we investigated the kinetics of the 
interaction of a well-characterized dicarboxylic porphyrin, 
deuteroporphyrin, with dimyristoylphosphatidylcholine unila- 
mellar vesicles of various sizes. In addition to direct studies 
on the incorporation of the porphyrin in vesicles, its transfer 
from vesicles to albumin, an efficient porphyrin carrier, is 
investigated in detail. Exhaustive theoretical analysis of the 
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kinetics as well as the effects of temperature and cholesterol 
allow us to characterize the movement of the porphyrin 
between the inner and outer leaflet of the bilayer in addition 
to the entrance in the vesicle and the exit in the bulk aqueous 
medium. 

MATERIALS AND METHODS 

Measurements. Emission and excitation fluorescence 
spectra were recorded using a SPEX spectrofluorimeter 
(Edison, NJ). Fluorescence emission was excited at 400 nm. 
The excitation spectra were recorded with the emission 
monochromator set at the emission maximum. A long-pass 
filter (420 nm) was put in front of the emission monochromator 
to remove scattered light. The porphyrin concentration was 
generally 3 X 

Kinetic measurements were performed with the aid of a 
Durrum-Gibson stopped-flow apparatus (Palo Alto, CA) with 
a mixing time of 3 ms. The excitation light was provided by 
a 75-W short-arc xenon lamp. The excitation monochromator 
was generally set at 408 or 389 nm to follow the incorporation 
of DP' in vesicles or the transfer of DP fromvesicles to albumin, 
respectively. A filter cutting off light below 610 nm (Schott 
OG 610, Mainz, Germany) was put in front of the photo- 
multiplier in order to remove scattered light and, in the first 
set of experiments, to reduce the contribution of non- 
incorporated porphyrin to the fluorescence. The signal was 
recorded using a digital oscilloscope (Nicolet Model 3091, 
Madison, WI) and then fed to a computer (Hewlett-Packard 
Model 9816, Fort Collins, CO). The signals were fitted by 
mono- or biexponential curves using a program based on the 
least-squares method. The quality was assessed from the x2 
value (Press et al., 1988) and by fitting residuals. Curves 
were interpreted as monoexponential when biexponential fits 
led to essentially the same shape for the residuals and did not 
result in significant reduction in the x2 value (i.e., x2 
monoexponential/X2 biexponential < 1.2). On theother hand, 
for biphasic processes, biexponential fit did reduce the x2 value 
(at least 5 times) and led to much better random distribution 
of residuals. Typical examples are shown in Figures 4 and 
6. The errors indicated for the values of the rate constants 
represent the standard deviations of several measurements. 

Chemicals. All the experiments were performed using 0.15 
M NaCl solutions buffered to pH 7.4 with 20 mM Tris. 
Dimyristoylphosphatidylcholine (DMPC) and lipid-free hu- 
man serum albumin (HSA) were purchased from Sigma 
Chemical Co. (St. Louis, MO). Cholesterol was obtained 
from Aldrich Chemical Co. (Milwaukee, WI). Sepharose 
4B and Sepharose 2B were purchased from Pharmacia 
(Uppsala, Sweden). Deuteroporphyrin (DP), the structure 
of which is shown in Figure 1, was prepared in our laboratory 
as described elsewhere (Brault et al., 1986). Its purity, as 
checked by HPLC (Dellinger & Brault, 1987), was determined 
to be better than 99%. A stock solution of DP was prepared 
in freshly distilled tetrahydrofuran (THF) and kept in the 
dark at -18 "C. Intermediate solutions were obtained by 
mixing this stocksolution with buffer. They were used without 
delay to prepare the final diluted solutions. The latter were 
renewed frequently. This procedure was found to minimize 
aggregation and loss of material due to adsorption of the 
porphyrin on glass. The porphyrin solutions were handled in 
the dark, and the stability was checked periodically by 
spectrofluorimetry . 

M, and the temperature was 32 OC. 
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Abbreviations: DMPC, dimyristoylphosphatidylcholine; DP, deu- 
teroporphyrin; HSA, human serum albumin; SUV, small unilamellar 
vesicles; THF, tetrahydrofuran. 
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FIGURE 1 : (Inset) Structure of deuteroporphyrin. Fluorescence 
excitation spectra of 3 X 10-8 M deuteroporphyrin in different 
environments at 32 OC: (-) aqueous solution buffered at pH 7.4, 
emission wavelength 609.5 nm; (. e) vesicle solution, [DMPC] = 8 
X 1W M, emission wavelength 621.5 nm; (--) albumin solution, 
[HSA] = 5 X 1od M, emission wavelength 623 nm. 

Vesicle Preparation. Small unilamellar vesicles made of 
either pure DMPC or DMPC:cholesterol mixtures (1 : 1 molar 
ratio) were essentially prepared by extrusion (Olson et al., 
1979; Mayer et al., 1986; Nayar et al., 1989). The lipid 
solutions in chloroform:methanol(9:1) were taken to dryness 
and then dispersed in buffer by vortexing. The resulting 
liposome suspension was extruded through a stack of two 
polycarbonate membrane filters (Poretics Corp., Livermore, 
CA) using an extruder device (Lipex Biomembranes, Van- 
couver, Canada) thermostated at 32 "C. The pore diameter 
was 0.05, 0.1, or 0.2 pm. In the case of mixed DMPC: 
cholesterol vesicles, the solution was preextruded through 
membranes with 0.2-pm pores. After 6-10 passages of the 
solutions through the filters, no more large liposomes remained 
as controlled by column chromatography on Sepharose 2B. 

In some cases, vesicles were prepared by sonication. The 
aqueous dispersion of lipids prepared as described above was 
sonicated under argon using a sonifier (Branson Model B15, 
Danbury, CT) until clear solutions were obtained. The 
sonicated solutions were passed through a Sepharose-4B 
column (2.5 X 40 cm). The elution was followed by right 
angle light scattering using a Shimadzu fluorimeter R F  535 
(Kyoto, Japan). The expected profile with a small contribution 
of large liposomes (Huang, 1969) was observed. Only the top 
fraction corresponding to the SUV peak was collected. 

Size distributions and diffusion coefficients of vesicles were 
determined by quasi-elastic light scattering using a Coulter 
N4M analyzer (Hialeah, CA). The diameters of the vesicles 
are given in Table 1. For extrudedvesicles, onlyone population 
ofvesicles with a narrow sizedistribution was found. Sonicated 
vesicles contained a few percent of larger vesicles. The 
concentration of vesicle solutions was measured by the 
phosphorus assay method (Bartlett, 1959). 

Incorporation of Porphyrin in Vesicles. For experiments 
at equilibrium, 10-pL aliquots of a 6 X 1od M DP solution 
in a THF:buffer mixture (1:lO) were added to solutions (2 
mL) containing various amounts of vesicles. They were 
incubated for 20 min at 32 OC before the fluorescence spectra 
were recorded. Then, 10 pL of Triton X-100 was added, and 
the spectra were recorded again. This step led to disruption 
of the vesicles and solubilization of all the porphyrin in Triton 
micelles. A fluorescence signal proportional to the total 
porphyrin concentration was thus obtained. This made it 



Interactions of Porphyrins with Lipidic Vesicles Biochemistry, Vol. 33, No. 32, 1994 9449 

Table 1: Interactions of Deuteroporphyrin with DMPC Vesicles (pH 7.4, 32 "C): Characteristic Constants 
vesicles 

preparation# diameter (nm) k, X 1od (M-I s-I) k, X (ves-1 s-I) k,m (s-l) K L ~  X 1V (M-I) K L ~  X lP (M-I) kd + klo (s-I) klo (s-1) 
sonicated 38 f 4 3.5 i 0.4 3.6 i 0.4 39 i 2 7.8 i 1.7 15.3 i 2.5 1.4 i 0.2 0.7 f 0.1 
extruded (50) 63.5 i 1.5 1.75 f 0.05 5.30 i 0.15 21.5 i 1.5 14 f 2 14.6 f 1.5 0.8 i 0.1 0.4 i 0.1 
extruded (100) 105 f 4 1.05 i 0.15 9.2 f 1.3 18.5 i 1.5 12 i 2 10.7 i 2.4 0.9 i 0.3 0.4 i 0.1 
extruded (200) 222 f 10 0.75 f 0.1 30f4 13.3 i 1.0 12 f 2 11.Oi2.3 0.9 i 0.3 0.4 i 0.1 

0 The number in parentheses corresponds to the diameter of membrane pores (in nm). The given diameters are the mean values and standard 
deviations calculated from three measurements. k, (in M-I s-I) was obtained from the incorporation measurements. k, (in ves-l s-I) (i.e., per mole 
of vesicles) was calculated assuming that the area per lipid head was 0.75 nm2 and the bilayer thickness was 3 nm (Watts et al., 1978). kofigiven here 
was obtained from the transfer measurements which are more precise. They agree with the values of k,~calculated from the incorporation measurements. 
KLCP and K ~ u n  are the constants derived from measurements at equilibrium and calculated using rate constants, respectively. k,, + kti was obtained 
from the incorporation measurements. kto was obtained from the transfer measurements. 

possible to correct the fluorescence spectra for small differences 
in porphyrin concentration. 

The porphyrin solutions used in kinetics experiments were 
prepared just before they were mixed with the vesicles in the 
stopped-flow apparatus. The final concentration of DP after 
mixing was 1 X lo-' M. Typically, the porphyrin solutions 
were made by adding 33 pL of a 6 X M DP solution in 
a THF:buffer mixture to 10 mL of buffer. If not specified, 
the amount of THF in the solution did not exceed 0.04% (vol/ 
vol). 

Transfer of Porphyrin from Vesicles to Albumin. Solutions 
of DP prepared as indicated above were first incubated for 1 
h with preformed vesicles at room temperature, in the dark. 
Then, they were mixed in the stopped-flow apparatus with 
solutions of albumin in buffer. The same kinetics results were 
obtained when the porphyrin was added to the phospholipids 
prior to the vesicle formation. 

Experiments at equilibrium were performed in a similar 
way, except that thevesicleporphyrin-albumin mixtures were 
allowed to equilibrate for about 15 min before the spectra 
were recorded. 

Theoretical Models. The schemes presented below have 
a bearing on the incorporation of heme in vesicles and the 
transfer of heme from vesicles to proteins which were previously 
examined by Cannon et al. (1984) and Light and Olson (1990). 
However, these authors a priori assumed that the steps were 
well separated in time so that equilibria can be considered 
independent of each other, which represents a crude ap- 
proximation. Here, we develop a comprehensive treatment 
leading to general expressions. If helpful, and if justified, 
simplified relations arederived afterwards. In our framework, 
the equilibrium constants are obtained from the kinetics 
expressions as special cases. 

(A) Incorporation of Porphyrin in Vesicles. One-step 
incorporation of dyes in vesicles has been considered in detail 
by Clarke and Ape11 (1989). Provided the phospholipid 
concentration is large compared to that of the dye, it can be 
assumed that the state of occupancy of a vesicle does not 
influence the interaction with further dye molecules. In these 
conditions, the system can be simply described by focusing on 
the dye in its various environments. Moreover, the association 
step can be considered as a pseudo-first-order process. These 
conditions prevail in our experiments. Indeed, the smallest 
concentration of DMPC used was 5 X 10-a M. With a DP 
concentration of 1 X lo-' M and an affinity constant of 1.4 
X lo5 M-l, for instance (see Results), it can becalculated that 
the 1ipid:porphyrin ratio is at least 100 in the least favorable 
case. As a matter of fact, a further decrease of the porphyrin 
concentration did not change the kinetics observed. 

Here, we will consider a two-step mechanism for the 
incorporation of the porphyrin in the vesicles: (i) bimolecular 

interaction of the porphyrin with a vesicle leading to 
incorporation in the outer lipidic layer and (ii) partition of the 
porphyrin between theouter and inner layers. It is not assumed 
that these steps are separated in time, a priori. Denoting Pf, 
Po, and Pi as the concentrations of DP free in the bulk aqueous 
solution, incorporated in the outer leaflet, or incorporated in 
the inner leaflet, respectively, and assuming that binding is 
a pseudo-first-order process, we have Scheme 1 

Scheme 1 

k,' kG 

kon 4 
Pf * Po * Pi 

where kon' = k,,[DMPC] I 

by a system of equations as follows: 
(i) Kinetics. The kinetics of the process are then described 

_ -  - -ko,'Pf + kOfP0 
dPf 
dt 

d Pi 
dt 
-- - ktiPo - ktoPi 

where ko,,' and koffare the rate constants for porphyrin binding 
to the outer layer and exit from the outer layer; kti and kto are 
the rate constants for migration toward the inner and the 
outer monolayer, respectively. 

In the most general case, for a system of n successive 
reversible reactions, the evolution of the concentrations of all 
components as a function of time is described by a set of 
expressions comprising constant terms and n exponential terms 
with the same exponential factors (Rakowski, 1906), for 
example, in our case: 

Pf = A, + B, exp(-k,t) + C, exp(-k,t) 

Po = A,  + B, exp(-k,t) + C, exp(-k,t) (2) 

Pi = A ,  + B, exp(-k,t) + C, exp(-k,t) 

In the range of porphyrin concentrations used, no inner 
screen effect can occur, and the fluorescence signal emitted 
by each form of DP is directly proportional to its concentration 
(Margalit & Rotenberg, 1984). The total fluorescence 
intensity Fis  the sum of all contributions. Thus, the observed 
fluorescence signal can be written as a sum of one constant 
and two exponential terms with the rate constants kl and kl 
defined in the above expressions. 
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Using Laplace transforms, kl and k2 can be calculated to 
be (see Appendix): 

Kuzelovl and Brault 

(i) Kinetics. The system is described by the following 
equations: 

where Ck = k,' + k0n + kti + kto. As detailed in the Appendix, 
further development, substitution, and disregard of small terms 
(errors resulting from approximations are discussed below) 
give 

(4) 

( 5 )  

k1 = kon[DMPC] + koff + k,, + kti 

k, = k,, + kti 

(ii) Equilibrium State. The distribution of the porphyrin 
at equilibrium can also be calculated from the system of eq 
1 as a special case. Indeed, at equilibrium 

dPf d P  dPi -=o- - -= 0 dt dt dt 

which yields 

kti kOff 
kto k0, 

Pi=-Po and P f = y P o  

Considering together the porphyrin molecules incorporated 
either in the inner or the outer leaflets of the vesicles, an 
overall association constant can be defined as 

It is easily shown that 

At a given wavelength and for a fixed porphyrin concentra- 
tion, the equilibrium constant can be derived (Brault et al., 
1986) from 

where FO and FDMPC are the fluorescence intensities cor- 
responding to no and full incorporation of the porphyrin in the 
vesicle lipidic phase, respectively. 

(B) Transfer of Porphyrin from Vesicles to Albumin. In 
keeping with previous studies on molecules solubilized in 
vesicles (Almgren, 1980; Storch & Kleinfeld, 1986; Light & 
Olson, 1990; Zucker et al., 1992), it is assumed that the transfer 
of the porphyrin to albumin occurs via the aqueous phase. In 
our experimental conditions, the albumin concentration greatly 
exceeds that of the porphyrin and Scheme 2 will hold 

Scheme 2 

4 k H  t' 

kti %' k b  
Pi F? Po Pf P b  

where P b  is the concentration of DP bound to albumin; Pi, Po, 
and Pf are as described above; kal = kas[HSA]. 

-- 2 - ktiP0 - k,Pi 

dP, = k,'P, - kdi,Pb dt 

with the initial conditions Pi(0) = Pio, Po(0) = Poo, and PdO) 

According to the above-mentioned rule, in the most general 
case the solution of this system will involve three exponential 
terms with complex analytical expressions. However, a 
considerable simplification can be obtained by considering 
the experimental conditions which will prevail in our study. 
Indeed, owing to the concentrations of vesicles and albumin 
used, the rates for the association of DP with albumin or 
vesicles are much larger than the exit rates to aqueous solution. 
The concentration of the free form (Pf) will remain very low 
(<1%), which was in fact an important requirement in 
designing this study (see Discussion). In these conditions, 
the steady-state method of Bodenstein (Benson, 1960) holds, 
Le., with the exception of a short initial period, dPf/dt = 0. 
We can thus express Pfas a function of Po and P b  and transform 
the system into 

= pb(0) = 0. 

dPi 
dt 
-- - j3Po - &Pi 

where a = kto, j3 = kti, y = (konk,,')/(kon' + k='), and 6 = 

This system of equations has a form similar to that given 
above and yields solutions consisting of constants and two 
exponential terms with rate constants equal to 

(kdi&o:)/(ko: + kas'). 

k1,2 = 
(a + j3 + y + 6) f [(a + j3 + y + 6)2- 4(ay + j36 + a6)]"2 

2 
(10) 

These rate constants are predicted to depend on the 
concentrations ofvesicles and albumin as y and 6 do. Although 
eq 10 is quite complex, the main features can be illustrated 
by considering limiting conditions. 

When the albumin concentration is low compared to that 
of vesicles (ko,,' >> k,' and 6 >> y), eq 10 reduces to 

a + j3 + 6 f (a + fl - 6) 
k1z = 2 

k, = 6 = kdis 
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At high albumin concentration (kal >> k,,,' and y >> 6), eq 
10 reduces to 

( ~ + P + y f  [ ( P - ( Y + ~ ) ~ + ~ C Y P ] ~ / ~  
k1,2 = 2 

In the present experiments, the transfer of the porphyrin across 
the bilayer was much slower than the dissociation from the 
vesicles, and the second-order term (Y-P can be neglected 
yielding 

k, = y + P = k,, + kti (13) 

The above calculations and numerical simulations (see 
Figure 7) show that kl smoothly varies between kdis and k,rf 
+ k,i. The rate constant k2 is determined essentially by 
membrane crossing and ranges between k,, and k,, + kti. 

The system (9 )  of kinetic equations can be used also for the 
description of the inverse process, Le., the transfer of porphyrin 
from albumin tovesicles. It can be easily shown that the rate 
constants for this process are still given by eq 10. The only 
difference is in the initial conditions which are Pb(0) = Pbo  
and P,(O) = Pi(0) = Pf(0) = 0. The amplitudes of the fast 
and the slow phases are modified accordingly. 

(ii) Equilibrium State. As in the previous case, the 
distribution of the porphyrin at equilibrium can be derived 
from the system (eq 9) of kinetic equations. At equilibrium 

dPi dP, dPb -=-=-- - 0  
dt dt dt 

The set of relations (eq 9) allows us to calculate the fraction 
x of porphyrin incorporated in vesicles (not that it is assumed 
that no free porphyrin remains): 

P_ + P: 

or 

KL [ DMPC] 
KL[DMPC] + KA[HSA] X =  (16) 

where KA = kas/kdis (equilibrium constant for porphyrin 
binding to HSA) and KL has the same definition as above. 

It can be easily shown that 

where FHSA and FDMPC correspond to the fluorescence 

t b 3 ,  

.- E 
v) c 
Q, 

c U .- 

600 650 700 750 

Wavelength (nm) 
FIGURE 2: Examples of fluorescence emission spectra of 3 X 10-8 M 
deuteroporphyrin in the presence of different amounts of DMPC 
vesicles. Vesicles were prepared by extrusion on 50-nm pores. 
Excitation wavelength, 408 nm; temperature, 32 OC. The arrows 
indicate the direction of spectral changes when the vesicle concentra- 
tion was increased. DMPC concentrations were 0, 0.5, 3, 6, 8, 10, 
20,30,50, and 100 pM. (Inset) (0) Fluorescenceintensity at 621.5 
nm as a function of DMPC concentration: (-) theoretical curve 
drawn according to eq 7 with KL = 1.4 X lo5 M-'. 

intensities of the porphyrin totally bound to albumin or fully 
incorporated in vesicles, respectively. 

RESULTS 

Steady-State Measurements 

The fluorescence excitation spectra of DP in buffer, 
incorporated in vesicles or bound to HSA are shown in Figure 
1. The two latter spectra were obtained by using a large 
excess of either vesicles ([DMPC] = 8 X 10-4 M) or albumin 
([HSA] = 5 X 10-6 M), respectively. In eachcase, the emission 
monochromator wavelength was set to the maximum of 
porphyrin emission. DMPC does not fluoresce, and albumin 
fluorescence is negligible in the range of porphyrin emission. 
Although the use of a long-pass filter in stopped-flow 
experiments somewhat distorts these excitation profiles, their 
main features are maintained. In particular, the spectra appear 
to be different enough to easily follow changes in the porphyrin 
environment. It can be noted that the excitation spectra of 
DP bound to vesicles and to albumin intersect around 405 nm. 

Equilibrium Measurements 

The partition of DP between the lipidic phase of vesicles 
and the bulk aqueous phase was studied at 32 OC by recording 
the fluorescence emission spectra of solutions made with 
various lipid concentrations (0-1 X M) and a constant 
porphyrinconcentration (3 X 10-8 M). A typical set of spectra 
is given in Figure 2. As expected, it shows isoemissive points 
in agreement with the assumption that the contributions to 
the fluorescence of all the species are proportional to their 
concentrations (Brault et al., 1986). The spectrum obtained 
at the highest vesicle concentration is very similar, in shape 
and maximum emission wavelength, to that of DP in organic 
solvents. This indicates that, whatever the location of the 
porphyrin in the bilayer, the porphyrin core remains buried 
in a hydrophobic environment. Changes in fluorescence 
intensity were plotted according to eq 7 to determine the 
association constant KL. A typical plot is shown in Figure 2 
(inset) for vesicles made using membranes with 0.05-pm pores. 
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FIGURE 3: Distribution of deuteroporphyrin (3 X 10-8 M) between 
vesicles ((DMPC] = 1.3 X lo-' M) and albumin calculated from 
fluorescence emission changes at 622 nm according to eq 17. 
Excitation wavelength, 389 nm; temperature, 32 "C.  Theoreticai 
curve (-) was drawn according to eq 16 with KL = 1.4 X lo5 M-' 
and KA = 5.2 X lo7 M-I. 

0.005 F 

c 

The best fit was obtained with a KL value of (1.4 f 0.2) X 
105 M-I. The equilibrium constants obtained for vesicles of 
various sizes are listed in Table 1 .  For the sake of comparison 
and because lipid concentrations are determined with the best 
accuracy, the association constants (as well as kinetic constants 
determined below) are given in terms of phospholipid 
concentration rather than in terms of vesicle concentration. 

In order to ascertain that no artifact could arise from vesicle 
fusion induced by DP, we followed the intensity of 300-nm 
light scattered at right angle in the spectrofluorimeter. The 
DMPC and DP concentrations were 1.3 X and 1 X lo-' 
M, respectively. No changes were observed after up to 4 h 
incubation at 32 OC, neither for the control vesicle solution 
nor for the DP-vesicle mixture. No changes were either 
observed even after 5 days. Control experiments showed that 
10% fusion would be detected using this procedure. 

The partition, at equilibrium, of DP between vesicles and 
albumin was studied by adding various amounts of HSA to 
solutions of vesicles preloaded with the porphyrin ([DMPC] 
= 1.3 X l0-3M, [DP] = 3 X 1 P M ) .  Thevesicleconcentration 
was chosen so that at least 99.5% of the porphyrin was 
incorporated. The mixture was incubated at 32 OC for 10 
min. The fluorescence emission spectra with excitation at 
389 nm were recorded before and after addition of HSA. The 
fluorescence intensity was corrected to a small inner filter 
effect due to HSA absorption using e(389 nm) = 700 M-' 
cm-I. The fraction of DP incorporated in vesicles was 
calculated according to eq 17 and was fitted according to eq 
16. In Figure 3 is shown a typical plot obtained for 50-nm 
vesicles using the following values: KL = 1.4 X lo5 M-l and 
KA = 5.2 X lo7 M-I. The latter value is in excellent agreement 
with data obtained by Rotenberg et al. (1987). 

Kinetic Measurements 

Interaction of DP with Vesicles. When DP solutions were 
rapidly mixed with vesicles, we observed a biphasic signal 
which was best fitted by two exponentials. A typical curve 
is shown in Figure 4. The two phases are largely separated 
in time so that the first phase can be, in most cases, conveniently 
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FIGURE 4: (a) Fluorescence intensity changes recorded upon mixing 
DMPC vesicles (final concentration: 2 X 1 6 5  M) with deuteropor- 
phyrin (1 X lk7 M): (F) fast phase (lower time scale); (S) slow 
phase (upper time scale); temperature, 32 OC; excitation wavelength, 
410 nm. Vesicles were made by extrusion on 50-nm pores. (b) 
Deviations of the fast signal from the best monoexponential fit (1) 
and from the best biexponential fit (2). x2 monoexponential/x2 
biexponential = 1.15. (c) Deviations of the slow signal from the best 
monoexponential fit (1) and from the best biexponential fit (2). x2 
monoexponential/X2 biexponential = 80. 

characterized using a monoexponential fit (see Figure 4). The 
rate constant of the first phase increased linearly with the 
concentration of DMPC (see Figure 5). Experimental values 
were best fitted by straight lines. As the amplitude of the 
signal also increased with DMPC concentration, it was feasible 
to extract the highest rate constant with reasonable confidence 
even when 1-2 half-times have elapsed during mixing time. 
The number of data points of the kinetic trace which were 
taken into account was reduced accordingly. As a conse- 
quence, the accuracy on the highest rate constants was less. 
For the 50-nm vesicles at 32 OC, the slope was found to be 
1.73 X lo6 M-' s-l, and the intercept was 22.4 s-l (see Figure 
5). 

The rate constant of the second phase remained almost 
independent of the vesicle concentration except for the lower 
values (see Figure 5). As discussed below, the increase of the 
rate constant was likely to be due to the influence of THF. 
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1 s-l for the sonicated ones. In each case, the lower values 
were obtained for the highest concentrations in albumin (see 
Figure 7). 

The inverse transfer process (i.e., from albumin to vesicles) 
was also investigated as a control using vesicles extruded on 
50-nm pores. The concentrations were [DMPC] = 2 X lW3 
M, [HSA] = 5.7 X 10-6 M, and [DP] = 1 X lo-' M. The 
temperature was 32 OC. The porphyrin was incubated with 
albumin for 1 h in the dark, and the solution was then mixed 
with vesicles. An increasing two-exponential fluorescence 
signal (excitation wavelength 389 nm) was observed with kl 
= 5.5  f 0.5 s-1 and kz = 0.62 f 0.05 s-1. 

Changing the temperature had a drastic effect on the rate 
constants, as shown in Figure 8a-c:. For all the vesicle 
concentrations investigated, the change in the rate of the slower 
process (Figure 8b) was particularly abrupt around the 
temperatureofphase transitionofDMPC (Wattset al., 1978). 
Below this temperature, it was too slow (X0.05 s-l) to be 
studied with our apparatus. The effect on the fast phase was 
also important, but it almost vanished at the lowest albumin 
concentration (see Figure 8a and Discussion). Although 
Arrhenius plots are currently used in similar experiments and 
would yield linear representation, interpretation in terms of 
activation energies would be meaningless as several unrelated 
steps are involved in our systems. Direct plots were thus 
preferred. 

Quite different behavior was displayed by vesicles made of 
a DMPC:cholesterol mixture (1:l). Only a fast monoexpo- 
nential signal remained with no more evidence of the slow 
component. As shown in Figure 8c, the effect of temperature 
was less important than in the former case. 

Although the amount of tetrahydrofuran (which aided in 
preparation of porphyrin solutions) was low in the final 
solutions used for experiments, we tested its effect on the 
kinetics. The results are shown in Figure 9. The fast phase 
was almost unaffected. The effect on the slow phase was 
more important, but it remained insignificant in most of our 
experimental conditions that involved a THF content lower 
than 0.04% (vol/vol). To further check this point, we also 
studied the transfer in a THF-free system. An aliquot of 
deuteroporphyrin in THF was added to a ch1oroform:methanol 
DMPC solution, then the solvent was evaporated to dryness 
and vesicles were prepared as usual. The two rate constants 
for the transfer of DP to albumin were found to match exactly 
those predicted by extrapolation of the data obtained with the 
THF-containing system (see Figure 9). 

DISCUSSION 

In keeping with previous results on sonicated egg phos- 
phatidylcholine vesicles (Brault et al., 1986) or related studies 
(Ricchelli et al., 1991), the emission andexcitation fluorescence 
spectra of DP bound to DMPC vesicles are indicative of a 
lipidic environment. Indeed, very similar spectra are recorded 
when this porphyrin is dissolved in an organic solvent (THF, 
chloroform). The incorporation of the porphyrin within 
DMPC vesicles was found to obey simple equilibrium laws as 
shown by the effect of increasing vesicle concentration on the 
fluorescence spectra (see Figure 2). Equilibrium constants 
determined at 32 "C (see Table 1) are almost independent of 
the vesicle size when expressed in terms of phospholipid 
concentration. 

Owing to the asymmetrical structure of DP, it can be 
postulated that a particular orientation of the molecule within 
the lipidic bilayer is favored, the carboxylic acid side chains 
most likely interacting with the polar heads of the phospholipids 
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FIGURE 5: Rate constants of incorporation of deuteroporphyrin (1 
X M) into vesicles made by extrusion on 50-nm pores. Influence 
of DMPC concentration on (a) the fast phase and (b) the slow phase 
at 32 OC. Each point corresponds to the mean and the standard 
deviation calculated from 10 to 20 rate constant determinations. 

The kinetics obtained with vesicles of other sizes were quite 
similar and were always characterized by two phases. 

The ratio of the amplitude of the slow phase over that of 
the fast phase was generally of about 0.3 for the lowest vesicle 
concentrations and decreased steeply for the highest concen- 
trations. It was less than 0.05 for [DMPC] = 2 X 10-4 M. 

Transfer of DP from Vesicles to Albumin. Solutions of 
vesicles preloaded with DP were rapidly mixed with solutions 
containing various amounts of HSA. When excited at 389 
nm, the fluorescence was found to decay in two well-defined 
exponential phases with roughly equal amplitudes. A typical 
curve is shown in Figure 6. When excitation was performed 
at 410 nm, the fluorescence increased, but the rate constants 
and the relative amplitudes of the two phases remained 
unchanged. The inversion of the fluorescence signal was 
observed at the same excitation wavelength for the two phases. 
This wavelength (around 403 nm) corresponded to the 
isoemissive point of DP incorporated in vesicles or bound to 
albumin (see Figure 1). 

The rate constant of the first (fast) phase was found to 
depend on the concentrations of both DMPC and HSA. The 
dependence on HSA is shown in Figure 7 for two different 
concentrations of vesicles extruded on 50-nm pores. The curves 
are characterized by a common intercept for [HSA] = 0 and 
level off for the highest albumin concentrations. The 
temperature was 32 OC. The biexponential fit led to more 
uncertainty in the values of the rate constant of the second 
(slow) phase. At 32 OC, experimental values ranged between 
0.35 and 0.7 s-l for the extruded vesicles and between 0.6 and 
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FIGURE 6: Fluorescence intensity changes recorded upon mixing vesicles preloaded with deuteroporphyrin (final concentration after mixing, 
DP = 1 X lo-' M) and albumin: temperature, 32 "C; excitation wavelength, 389 nm. Vesicles were made by extrusion on 50-nm pores. (a) 
DMPC vesicles (final concentrations: [DMPC] = 1.3 X l k 3  M, [HSA] = 2 X M). The traces (F) (upper time scale) and (S) (lower 
time scale) show the fast and the slow phases, respectively. (b) DMPC:cholesterol (1:l) vesicles ([DMPC] = [cholesterol] = 1 X 10-3  M, 
[HSA] = 5 X lo-' M). (c and d) Deviations of the traces (F) and (S) from the best monoexponential fits (1) and from the best biexponential 
fits (2), respectively. x2 monoexponential/X2 biexponential were 1.03 and 40 for the traces (F) and (S), respectively. (e) Deviations of the 
trace shown in (b) from the best monoexponential fit (1) and from the best biexponential fit (2). The ratio x2 monoexponential/xZ biexponential 
was 1.09. 

(Cannon et al., 1984). The porphyrin can be located with 
such an orientation either in the outer or in the inner leaflet 
of the bilayer [for a figure drawn to scale, see Brault (1990)l. 
The porphyrin is expected to present very similar fluorescence 
spectra in these two situations, and no information on the 
partition of the porphyrin between the two leaflets can be 
derived from steady-state measurements. The existence of 
two lipidic locations of the porphyrin is strongly suggested 
however, by kinetics. In all cases, we recorded a biphasic 
signal characterized by fluorescence changes in the same 
direction for both phases whatever the excitation wavelength 
was. These findings are best explained by assuming a fast 
binding of the porphyrin to the outer leaflet of the vesicle 
followed by a slower migration through the bilayer (see Scheme 
1). The linear dependence of the first-phase rate constant on 
the phospholipid concentration and the presence of a slower 
phase support this scheme according to eqs 4 and 5 ,  which 
allowed us to calculate ken, koff, and kti + kto. The rate 
constants k,, were expressed either with regard to phospholipid 
concentration (in M-' s-l) or, knowing the vesicle size, in ves-1 
s-l units (Le., per mole of vesicles). They are summarized in 
Table 1 for measurements made at 32 OC with vesicles of 
various sizes. The rate constants expressed in ves-l s-l show 

a remarkable linear dependence on the vesicle radius. This 
dependence on size strongly suggests that the process is 
controlled by diffusion. In this case the rate constant should 
be (Atkins, 1990) 

k,,(dif) = 4rRDN (18) 

where R can be taken as the vesicle radius, D is the sum of 
the diffusion coefficient of the vesicle and the porphyrin, and 
N is Avogadro's number. As discussed previously (Vever- 
Bizet & Brault, 1993), the diffusion coefficient of DP is likely 
to range in the limits of (2.4 f 1.0) X 1 6 l 0  mz s-l, which are 
values measured for a related porphyrin or derived from the 
Stokes-Einstein equation, respectively. The diffusion coef- 
ficient of the vesicles that is, at most, 1 X lo-" m2 s-l can 
be neglected. A theoretical value, k,,(dif) = R X 1.7 X 10l8 
M-l s-l, can be computed in excellent agreement with most 
of the experimental data (some discrepancy was observed for 
the vesicles with the highest radius). 

The rateconstant of the slow phaseremained constant (0.8-1 
s-I) for lipid concentrations above 5 X M, in agreement 
with Scheme 1 andeq 5 .  An unexpected increase was however 
observed (see Figure 5 )  for small liposome concentrations, 
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FI URE 7: Transfer of deuteroporphyrin from DMPC vesicles to 
albumin. (a) Dependence of the experimental rate constant of the 
fast phase on albumin concentration. DMPC concentrations were 
1 .3  X 10-3  M (0) and 2 X l ( r  M (0). Each point corresponds to 
themean and standard deviation calculated from 10 to 20 rateconstant 
determinations. The figure includes the results from several 
independent experiments. (b) Dependence of the experimental rate 
constant of the slow phase on albumin concentration. DMPC 
concentration was 1 X 10-3  M. Each point corresponds to the mean 
of about 5 values. Other conditions are the same as in Figure 6. The 
full lines are theoretical curves calculated using eq 10 with the 
following values: k, = 1.73 X 106 M-I s-I, k o ~  = 21.5 s-I, k, = 6.75 
X lo7 M-I s-I, kdb = 3.5 s-l, and kti = kt, = 0.4 s-I. 

which does not fit our model (numerical simulations using eq 
3 predict a slight decrease of the rate constant). This behavior 
is best explained by considering a possible effect of THF. As 
shown in Figure 9, THF has an accelerating effect on the 
kinetics, particularly on the slow phase. Although the content 
of THF was kept at a low value (0.04% vol/vol) in the 
experiments shown in Figure 5 ,  the ratio between the amount 
of THF and that of DMPC might not be negligible for the 
lowest vesicle concentrations. In keeping with the effect of 
other solvents, such as dioxane (Blume, 1979), it is believed 
that THF has a fluidizing effect on the bilayer. This 
interpretation is fully consistent with the view that the slow 
phase mainly reflects bilayer crossing. Using the values 
obtained with the highest lipid concentrations, eq 5 allows us 
to derive kti + k,, = 0.8 f 0.1 s-1 for vesicles extruded on 
50-nm pores. Values obtained with other vesicles were similar, 
with the exception of sonicated vesicles which yielded a 
somewhat higher value (this point is discussed below). 

The values of kti + kt, being known, those of k,m are 
computed from plots such as that shown in Figure 5 by using 
eq 4. They are summarized in Table 1. It was assumed in 
previous studies that both k,, and koRwere diffusion controlled 
and that the partition of the solubilized molecule did not depend 
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FIGURE 8: Effect of temperature on the rate constants of transfer 
of deuteroporphyrin (1 X lo-' M) from vesicles to albumin. (a) 
Transfer from DMPC vesicles ([DMPC] = 1.3 X l t 3  M) to albumin 
([HSA] = 5 X lP5 M (0) or 2.6 X 1od M (0)): fast phase. (b) 
Transfer from DMPC vesicles (1.3 X 10-3 M) to albumin (5 X 10-5 
M): slow phase. (c) Transfer from DMPC:cholesterol (1:l) vesicles 
([DMPC] = [cholesterol] = 1 X lo-' M) to albumin (5 X M). 

on the vesicle size. If true, k,fishould be inversely proportional 
to the radius of the vesicles according to Almgren (1980). In 
the present study, experimental values of k,m were obtained. 
Although they do show a significant decrease with the vesicle 
radius, an inverse dependence is not fully obeyed. Assuming 
kti = k,, = kt, errors resulting from the approximation made 
to derive eqs 4 and 5 can be calculated to be 2% on k,,, 1.5% 
on k,ff, and 6% on kt. They do not exceed the experimental 
errors. 

Although strong evidence for slow bilayer crossing is 
provided by the experiments discussed above, mixing the 
porphyrin with vesicles is not sufficient to extract all the 
pertinent constants. In particular, only the sum kti + kt, can 
be obtained. Also, as experimentally confirmed, theoretical 
simulations (not shown) predict a decrease of the amplitude 
of the slow process when the lipid concentration increases, 
which might lead to difficulties in interpreting experimental 
data. Another point must be considered. Hydrophobic 
porphyrins are known to dimerize (Margalit & Rotenberg, 
1984) and eventually aggregate or adsorb on glass, which 
might lead to spurious results. We therefore looked for a 
system making it possible to keep the porphyrin concentration 
in the aqueous medium to a negligible level. 
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the proposed schemes. In Figure 7a is shown the effect of 
albumin on the fast rate constant for two vesicle concentrations. 
The data on the effect of albumin were fitted according to eq 
10 using the following values: k, and k,Hdetermined without 
albumin, k,i and k,, determined by considering the slower step 
(see below). The best fits were obtained with values of k,, = 
(6.75 f 0.75) X lo7 M-ls-l and kdis= (3.5 f 1) s-l. According 
to eq 11, the value of kdb can be obtained with good accuracy 
from the intercept of the curves, independent of the lipid 
concentration used. Moreover, when experiments were 
performed using vesicles of other sizes or vesicles made of 
DMPC-cholesterol mixtures, the same intercept (i.e., the same 
value of kdis) was obtained. The ratio kas/kdi, = 1.9 X lo7 
M-l is somewhat different from the association constant K A  
= 5.2 X lo7 M-I. This might indicate that the formation of 
the porphyrin-albumin complex involves some steps in addition 
to the initial bimolecular interaction. However, we found no 
evidence for such an additional step by studying directly the 
interaction of DP with albumin using our stopped-flow 
apparatus (data not shown). Also, the rate constants derived 
from experiments involving the transfer of DP either from 
albumin to vesicles or from vesicles to albumin were found to 
be in excellent agreement (see below). As far as kinetics on 
the millisecond or second time scales are considered, a single 
binding site of DP on albumin appears to be involved. 
However, other binding sites characterized by slower as- 
sociation and dissociation rates could also exist, which might 
explain the difference between K A  and k,,/kdis. 

In Scheme 2, it is assumed that the transfer of the porphyrin 
takes place via the bulk aqueous solution. Direct transfer of 
the porphyrin on collision of the vesicles with albumin was 
also considered. In this case, it can be predicted (theoretical 
model not shown) that the rate constant of the fast phase 
should decrease or, at most, should remain constant with a 
decreasing concentration of vesicles. As an important increase 
is observed (Figure 7), this mechanism cannot be a prepon- 
derant process. It can be noted also that the rate constant of 
the fast phase reaches a plateau at high albumin concentrations, 
which is another proof that the transfer is a diffusive rather 
than a collisional process. 

The effect of albumin and vesicle concentration on the slow- 
phase rate constant was, by far, less important than that on 
the fast phase. The constants at 32 O C  ranged between 0.4 
and 0.8 s-l for all the extruded vesicles studied, and the 
amplitude of changes hardly exceeds the experimental errors 
(see Figure 7). It was, however, possible according to eq 14 
to,have estimates of k,, from the average values obtained for 
high albumin concentrations. The values of k,, along with 
those of kti + kt,, the latter being obtained in the experiments 
carried out without albumin, are given in Table 1. Except for 
the sonicated vesicles, no significant size effect is seen. The 
values of kti and k,, being known, the equilibrium constant KL 
can be derived from eq 6. These calculated values (noted 
K L ~ ~ )  agree quite well with the equilibrium constants (noted 
K L ~ )  obtained by steady-state measurements (see Table l), 
except for the sonicated vesicles. It can be noted that no 
significant difference between k,, and kti was observed. This 
was quite unexpected in the case of sonicated vesicles, which 
have inequivalent volumes of lipids in the outer half as 
compared to the inner half of the bilayer. These discrepancies 
might be due to additional effects of geometric constraints 
(Huang & Mason, 1978). 

The validity of Schemes 1 and 2 is fully supported by all 
the kinetic and steady-state measurements. Moreover, from 
the kinetic constants determined above, the rate constants for 
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FIGURE 9: Effect of tetrahydrofuran (%, vol/vol) on the kinetics of 
transfer of deuteroporphyrin from DMPC vesicles to albumin. 
Vesicles were made by extrusion on 50-nm pores. Final concentrations 
were [DP] = 1 X le7 M, [DMPC] = 1.3 X lo-' M, and [HSA] = 
4 X 10-5 M. Open symbols, fast phase; filled symbols, slow phase. 
The porphyrin was added after (0, @) or before (0, W) vesicle 
formation. The dotted lines are the best linear fits of experimental 
data. 

This was found by mixing albumin with vesicles preloaded 
with the porphyrin. Albumin is a well-known porphyrin 
carrier. A high-affinity binding site for monomeric deu- 
teroporphyrin has been identified by means of spectrofluo- 
rimetry (Rotenberg et al., 1987). The related affinity constant 
(KA = 5 X lo7 M-l) was found to depend little on the 
temperature and was not affected by the presence of fatty 
acids bound to the protein. Other sites with lower affinity 
may also exist. In our experimental conditions, the vesicle 
concentration was always high enough to trap all the porphyrin 
molecules when no albumin was present. On the addition of 
albumin, redistribution of the porphyrin between liposomes 
and albumin takes place. As the albumin concentration was 
much larger than that of the porphyrin, only the high-affinity 
binding site is expected to be occupied, and pseudo-first-order 
binding kinetics will prevail. As shown in Figure 3, the 
distribution at equilibrium is determined only by the two 
association constants KL and KA, which govern the equilibria 
of DP with liposomes and albumin, respectively. Therefore, 
the distribution of DP is not influenced by possible interactions 
between HSA and vesicles or phospholipids. Other related 
studies also failed to detect any effect of such interactions 
(Daniels et al., 1985; Rotenberg et al., 1987). 

The existence of two porphyrin pools moving from a lipidic 
environment to that provided by albumin is clearly evidenced 
by the biphasic character of the kinetics and the dependence 
of the signal on wavelength. The two components of the signal 
behaved in the same way and inverted at the same wavelength 
(see Results). It was assumed that these pools correspond to 
porphyrins located either in the inner or the outer leaflet of 
the bilayer and that the transfer to albumin takes place through 
the aqueous phase according to Scheme 2. In all our 
experimental conditions, the two components were well 
separated in time. As only the faster one was found to depend 
to an important extent on lipid and albumin concentration, 
there was no doubt as to the assignment of the two phases 
predicted by eq 10. 

All the experimental data obtained either in the absence or 
in the presence of albumin were found to be consistent with 
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thereverse transfer of the porphyrin (from albumin tovesicles) 
can be predicted using eq 10. Thus, for [DMPC] = 2 X 
M and [HSA] = 5.7 X 10" M, kl and kz can be calculated 
to be 5.5 and 0.62 s-l, respectively, in excellent agreement 
with the measured values (see Results). Other hypotheses on 
the nature of the slow phase, such as self-association of the 
porphyrin at the phospholipid-water interface, can be dis- 
regarded in view of the above remarks of the fluorescence 
changes observed and because the phospholipid concentration 
largely exceeds that of the porphyrin. 

The observed effects of temperature and cholesterol further 
support Scheme 2. In the experiments described in Figure 
8a, the rate of the fast phase is dominated, for the highest 
albumin concentration, by the interactions of the porphyrin 
with the phospholipid bilayer (especially by the value of k,ff, 
see eq 13). The break of the plot at the phase transition 
temperature is characteristic for transfer processes from lipidic 
vesicles. For the lowest albumin concentration, the fast phase 
is predicted to be governed by kdk rather than by rateconstants 
involving the vesicles (see eq 11 and Figure 7). In this case, 
the plot reflects mainly the influence of temperature on the 
dissociation from albumin. In keeping with the negligible 
effect of temperature on the affinity of DP for albumin 
(Rotenberg et al., 1987), the evolution seen in Figure 8 is 
moderate with no break in the plot. 

In the case of DMPC-cholesterol vesicles, only a moderate 
effect of temperature on the kinetics was observed, and the 
signal remained monoexponential. The rate constant smoothly 
varies, even around 23 OC (see Figure 8c). In comparison 
with pure DMPC vesicles, the transfer to albumin is more 
rapid below 23 OC and slower at higher temperatures. This 
behavior is explained by the well-known effect of cholesterol 
that smooths off the phase transition of phospholipid bilayers 
(Papahadjopouloset al., 1973). Theexit rateof theporphyrin 
from the vesicles is thus closely coupled to the degree of packing 
of the bilayer. Similarly, cholesterol was shown to slow down 
the dissociation of hemin from phosphatidylcholine-dice- 
tylphosphate or phosphatidylcholine-stearylamine vesicles at 
room temperature (Cannon et al., 1984). 

The drastic effect of the temperature on the slow phase is 
also fully consistent with the view that this phase is essentially 
controlled by the transfer of the porphyrin between the 
monolayers. A marked increase of the rate is found when the 
vesicles are in the fluid state. Moreover, at the temperature 
of phase transition, a sharp enhancement of the rate is seen. 
Similar effects on the transport across DMPC vesicles were 
previously observed for a number of other species: e.g., 
anilinonaphthalene sulfonate (Tsong, 1975) and heme (Light 
& Olson, 1990). As suggested by Papahadjopoulos et al. 
(1973), this behavior is likely due to increased transfer at 
boundaries between liquid and solid domains, which are formed 
in the bilayer during the phase transition. 

In the case of DMPC-cholesterol vesicles, movement 
through the bilayer is probably too slow (kti, k ,  < 0.05 s-l) 

to be observed in stopped-flow experiments. Similarly, as 
reported by Tsong (1 979 ,  the fluorescence signal correspond- 
ing to the transport of anilinonaphthalene sulfonate across a 
DMPC-cholesterol bilayer completely disappears from the 
33% mole fraction of cholesterol. On the other hand, the 
flip-flop movement of deuteroporphyrin might be too fast and 
overlap with the first phase in the case of egg phosphatidyl- 
choline vesicles for which only a monoexponential signal was 
observed at 22 OC (Vever-Bizet & Brault, 1993). Significantly 
greater transfer rates in egg phosphatidylcholine vesicles as 
compared to DMPC vesicles were observed recently 
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in the case of long-chain fatty acids (Kleinfeld & Storch, 
1993). 

Some common features are presented by deuteroporphyrin 
and other hydrophobic amphiphiles. The initial interaction 
of these molecules with vesicles is a diffusion-controlled process 
as shown by (i) the order of magnitude of the rate constant 
which is comparable to that predicted by eq 18 [see also Vever- 
Bizet and Brault (1993)], (ii) its dependence on vesicle size 
outlined here, and (iii) medium viscosity effects (Woolley & 
Diebler, 1979). The exit rate is controlled both by properties 
of the lipidic bilayer, namely, its fluidity, and by properties 
of the solubilized molecule. The hydrophobicity (Almgren, 
1980; Pownall et al., 1983; Vever-Bizet & Brault, 1993) and 
the charge of the molecule, which can be modulated by pH 
(Doody et al., 1980; Vever-Bizet & Brault, 1993), are the 
main determinants of the exit rate. Values obtained with 
deuteroporphyrin are comparable to those found with perylene 
(3.4 s- l )  and pyrene (50 s-l) as reported by Almgren (1980) 
or with bilirubin (Zucker et al., 1992). Molecules with an 
asymmetric arrangement of polar chains (or charges) dis- 
tribute, and may undergo exchange, between leaflets. This 
process appears to be extremely sensitive to the state of the 
bilayer. The structural features of the solubilized molecules 
governing this exchange remain to be elucidated in detail. 

In the case of carboxylic porphyrins, the exit process and 
the movement across the bilayer are fast enough to postulate 
that redistribution within various compartments in cells occurs 
quickly. Even if a lipoprotein-mediated uptake mechanism 
is preponderant, which would drive the porphyrin to endosomes 
and lysosomes, it is likely that the porphyrin will leak out 
these subcellular structures in favor of other compartments 
such as mitochondria (Salet & Moreno, 1990). These 
processes must also be taken into account in drug delivery 
using liposomes. The exchange of photosensitizers between 
liposomes and serum proteins is expected to be fast, even in 
the case of hydrophobic compounds. Such a redistribution 
has been noted in the case of DMPC vesicles (Ginevra et al., 
1990). All these examples emphasize the importance of 
considering mechanisms from a kinetic point of view. The 
transfer of molecules from vesicles to albumin, which has 
been analyzed in detail in the present study, presents several 
advantages over the system involving only vesicles. The 
uncertainty in the k,ff value is much reduced. Moreover, it 
makes it possible to study hydrophobic molecules insoluble in 
water and allows for discrimination between the two directions 
of transfer through the bilayer. 
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APPENDIX 

Interaction of Porphyrin with Vesicles. The solution of the 
system (eq 1) of kinetic equations can be easily found by using 
the Laplace transform (Rodiguin & Rodiguina, 1964). With 
the initial conditions Pdt = 0) = PP and Po(t = 0) = Pi(t = 
0 )  = 0, the system is transformed to 

u p ,  - P p  = -ko,,'P, + kOffP, 

UP, = k,,'Pf - (koff + k,i)P, + k,,Pi 
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w P ~  = k,iP, - kt$i 
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terms which are found by the inverse Laplace transform. The 
rate constants are the roots of the equation D = 0. 
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and yields 

where D = w2 + w(k,,,' + k,ff + kti + kt,) + ko,,'kti + koffkto 
+ koLkto. 

The inverse Laplace transform gives the expressions 
describing the evolution of Pf, Po, and Pi as a function of time. 
The expressions consist of one constant and two exponential 
terms. The rate constants kl and kz are found by converting 
D into the form ( w  + kl)(w + kz), i.e., by finding the roots 
( k l ,  kz, abbreviated k1,z) of the equation D = 0: 

where Ck = k,,,' + k,ff + kti + kt,. 
If 4(k,,,'kti + k,ffkto + ko,,'kto) is small compared to (Ck) ,  

(in our case <6% as indicated by the experimental results), 
the square root can be expanded as a Taylor series and one 
can write 

Substituting k,,,' by kon[DMPC] and neglecting small terms 
(errors resulting from the approximation are evaluated in the 
discussion) give 

k ,  = k,,[DMPC] + k,, + kti + k,, 

k ,  = kti + k,, 

Transfer of Porphyrin from Vesicles to Albumin. Using 
the steady-state approximation of Bodenstein (Benson, 1960), 
we transform eq 8 to a more simple one (eq 9), which is 
practically identical with that described above. With initial 
conditions of Pi(t = 0) = P?, P,(t = 0 )  = Poo, and Pb(t = 0) 
= 0, the expressions for Pi, Po, and Pb in the Laplace space 
are 
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WD Pi = 

P,o(w + 6)(w + a )  + P f a ( 0  + 6 )  
WD Po = 

where D = wz + w(a + /3 + y + 6) + ay + a6 + 06. 
As in the preceding paragraph, the evolution of Pi, Po, and 

Pbversus time is described by one constant and two exponential 
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