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Difference in the transport of metal and free-base porphyrins
Steady-state and time-resolved fluorescence studies
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Abstract

The binding of Mg-mesoporphyrin and mesoporphyrin to the primary binding site of human serum albumin (HSA)
has been studied in the absence and in the presence of 1,2-dimyristoyl-sn-glycero-3- phosphatidylcholine/1,2-dimyris-
toyl-sn-glycero-3-phosphatidylglycerol (DMPC/DMPG) liposomes. The equilibrium constants of Mg-mesoporhyrin
IX (MgMP) and mesoporphyrin IX (MP) for association to HSA were 1.7 - 107 (M~") and 2.5 - 107 (M~ 1),
respectively. The association constants for binding to the liposomes were: 1.5 - 10* (M ~!) for MgMP, and 3.2 - 10*
(M~ for MP. The smaller value for the association constants of the MgMP relative to MP in both processes are
interpreted as the effect of an out of plane position of Mg?*+ and possible ligand co-ordination. HSA added to the
liposomes with incorporated porphyrins results in the redistribution of bound molecules. For the MgMP this
distribution can be interpreted by the competition of two independent binding processes, while the binding kinetics
of MP significantly deviates from this model. The difference is explained by supposing a specific interaction between
HSA and the liposomes in case of the free-base MP. © 1998 Elsevier Science B.V. All rights reserved.
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. . . 1. Introduction
Abbreviations: ALA, 5-aminolaevulinic acid; DMF,

dimethyl-formamide; DMPC, 1,2-dimyristoyl-sn-glycero-3-

phosphatidylcholine; DMPG, 1,2-dimyristoyl-sn-glycero-3- Both the endogenous synthesis and degrada-
phosphatidylglycerol; HRP, horseradish peroxidase; HSA, hu- tion; both the transport and the binding of por-
man serum albumin; MgMP, Mg-mesoporhyrin IX; MP, phyrin derivatives have been examined by a vast

mesoporphyrin IX; PDT, photodynamic therapy; PP, proto-

. X . number of studies for the last few decades because
porphyrin IX; SUV, small unilamellar vesicles. . . . .
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metabolism (Muller-Eberhard and Morgan, 1975;
Ricchelli et al., 1990; Kennedy and Pottier, 1992;
Rosenberger and Margalit, 1993; Vever-Bizet and
Brault, 1993).

The aspects of the biomedical applications of
porphyrin derivatives (e.g. photodynamic therapy,
PDT) turned the attention to a broader class of
molecules that involved metallo-porphyrins, ph-
thalocyanins and chlorin derivatives of photody-
namic activity (Spikes, 1986; Bonett et al., 1989;
Kessel et al., 1991; Henderson and Dougherty,
1992; Moan and Berg, 1992; Senge, 1992).

Recently, a new approach was suggested to
PDT: the selective induction of natural porphyrin
derivatives by the precursor 5-aminolaevulinic
acid (ALA) in tumour cells (Fukuda et al., 1992;
Kennedy and Pottier, 1992; Loh et al., 1993).
Thus the understanding of the metabolism and
molecular interactions of endogenous porphyrin
species, especially those of photodynamic activity
(e.g. protoporphyrin-IX, PP), became equally im-
portant with respect to biomedical applications.

It was found that in the selective localisation of
the porphyrin derivatives, the lipid compartments
of the plasma membranes or of mitochondrial
membranes play important role (Moan and Chris-
tensen, 1981; Brault, 1990; Geze et al., 1993;
Ricchelli, 1995; Rosenbach-Belkin et al., 1996).
Due to the complexity of the native biological
systems, it is accepted to apply simplified systems
as models, that allow to study certain important
aspects of these complex phenomena in details.

In this work the partition of free-base mesopor-
phyrin IX (MP) and a metallo-porphyrin (Mg-
mesoporphyrin (MgMP)) photosensitiser has been
studied between the lipid phase and human serum
albumin (HSA). The role of a metal co-ordination
in the transport of porphyrin derivatives is an
important point in itself (Reddi et al., 1981;
Vever-Bizet and Brault, 1993; Greenbaum and
Kappas, 1994a), and recent works suggesting the
use of bacteriochlorophyll derivatives in PDT
(Rosenbach-Belkin et al., 1996) make the problem
of Mg ion co-ordination especially interesting.
HSA is a prominent serum protein in metabolic
processes and it may also compete with the
desired cellular accumulation of the photosensi-
tisers in case of PDT (Muller-Eberhard and Mor-

gan, 1975; Kuzelova and Brault, 1994). In the ex
periments we used negatively charged 1,2-dimyri
stoyl-sn-glycero-3-phosphatidylcholine/1,2-dimy
ristoyl-sn-glycero-3-phosphatidylglycerol (DMPC
DMPG) liposomes, to mimic the properties o
mitochondrial membrane (Kagawa, 1974).

It is known that in the case of PP, the nativ
candidate for ALA-induced PDT, both the aggre
gation and the photoinstability of the molecul
impose serious difficulties in the experiment
(Rotenberg et al., 1987). We found that for MEF
monomeric conditions can be achieved in aqueou
solution within a concentration range that is ap
propriate for reliable optical spectroscopic studies
and the data are not affected by the photolabilit
of the chromophore. MP is of molecular symme
try similar to that of PP, and there is only a sligh
difference in hydrophobicity. We believe that it i
an acceptable approximation that from the result
of these measurements we can also draw conclu
sions for the behaviour of PP.

2. Materials and methods

2.1. Chemicals

The samples were prepared in 10 mM sodium
phosphate buffer at pH 7.4. DMPG, DMPC
1 x crystallised and lyophilised HSA and MP d;
hydrochloride were purchased from Sigma (St
Louis, MO), MgMP (disodium salt) was fror
Porphyrin Products (Logan, UT). All the solvent
(chloroform, methanol, ethanol, dimethyl-for
mamide (DMF)) were obtained from Merck. Th
chemical components in the samples were of spec
troscopic purity. Sephadex G100 Superfine, use
to purify HSA, was purchased from Pharmaci
Fine Chemicals AB.

2.2. Preparation of porphyrin solutions

Stock solutions of MP were prepared in DMF
that of MgMP in ethanol (for better solubility)
and both were kept in dark to avoid photo
damage. For the measurements, the solution
were obtained by dilution with a phosphate buffe
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of pH 7.4, and used immediately after prepara-
tion. The correct concentration of aqueous por-
phyrin solutions was determined by using the
Soret band absorbance of the dyes in organic
solvents. The molar extinction coefficients for
MP dissolved in DMF, as &= 1.55"-10°
M~lcm~!, and for MgMP in ethanol as &, =
3.02-10° M~ !'em~! were determined by us,
and used further on for calculations.

The fluorescence intensity was measured in
function of the porphyrin concentration and a
linear dependence was found below 80 nM for
both dyes. This proved the monomeric condition
of both porphyrins in this concentration range
in accordance with literature data for MP and
deuteroporphyrin in aqueous solution at pH 7.2
(Margalit and Rotenberg, 1984). In the measure-
ments we kept the concentration of porphyrin
solutions constant at 50 nM, to assure that we
had been studying the interactions of MP and
MgMP monomers with HSA and liposomes.

2.3. Preparation of HSA solution

HSA has been purified by gel filtration (Sep-
hadex G100 column equilibrated with 10 mM
phosphate buffer at pH 7.4), and by SDS gel
electrophoresis. The purified fraction was
lyophilised and stored at —20°C. The concen-
tration of HSA solutions was determined spec-
trophotometrically (Reddi et al., 1981).

2.4. Preparation of liposomes

Stock solutions of DMPC/DMPG (19:1) in
chloroform/methanol (9:1) were dried to a film
using a stream of nitrogen. Lipids were hydrated
with buffer by hand-shaking followed by sonica-
tion (MSE Desintegrator P. 6/527) until no fur-
ther decrease of turbidity could be detected. The
samples were centrifuged (Beckman J2-21 cen-
trifuge, 19000 rpm, 45 min) to eliminate the
remnants of the multi-lamellar vesicles, and Ti
particles from the sonicator. The size of the
liposomes was determined by light scattering
measurements and the average diameter was
about 40-50 nm (small unilamellar vesicles
(SUV)). By keeping the liposome size at this

small diameter range, the light scattering back
ground was reduced to negligible in the optica
spectroscopic measurements. The phospholipi
content of liposome suspensions was quantifie
according to Rouser (Rouser, 1969). For calcu
lations and graphic representations, the mola
lipid concentration was used instead of the lipc
some concentration in all cases when liposome
were used.

2.5. Equipment

Absorption spectra were recorded by a Car
4E UV-visible spectrophotometer. Fluorescenc
emission and excitation spectra, kinetic, and life
time measurements were performed by using a
Edinburgh Analytical Instruments (Edinburgh
UK) CD900 luminometer equipped with Xe 7
W light source for steady state measurement
and an nF900 40 kHz ns flashlamp for tim
resolved studies. Correction for inner filter ef
fects has been performed by the formula:

I =

corr obs

. lo(Aex + Aem)/2 (1

when the absorbance was above 0.05. I, an
I, are the corrected and the observed fluores
cence intensities, A, and A., are the ab
sorbances at the excitation and the emissios
wavelength (Lakowitz, 1983a). The observe
fluorescence intensities were corrected also fo
dilution.

Fluorescence decay curves have been deter
mined by the time correlated single photos
counting technique, and the lifetimes wer
analysed by an FLY900CDA software packag
(Edinburgh Analitical Instruments) using a re
convolution technique. The full width of hal
maximum (FWHM) value of the lamp functios
was normally around 1.5 ns.

The temperature of the sample was kept a
32°C in all experiments.

2.6. Energy transfer determination

The energy transfer efficiency between the Tr
of HSA as donor and the bound porphyrin a
acceptor was calculated on the basis of th
Forster type resonance energy transfer theor
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Fig. 1. Changes in the fluorescence emission spectrum of aqueous MgMP (50 nM, at pH 7.4) during a 3 h time period excited &
403 nm. The arrows show the characteristic change of the spectrum at the given wavelength as a function of time.

(Forster, 1959; Loura et al., 1996). Fluorescence
lifetime measurements were used to determine kg
the energy transfer rate as defined by the formula
(Birks, 1970):

1 1
kETzf_* (2)

T, T
where 7, and 7 were the fluorescence lifetimes of
Trp/HSA in the presence and absence of por-
phyrin, respectively. According to the theory, kg
i1s related to R, the distance between the donor
and acceptor, by the following formula:
881077 k% Oy

ET
R® - n* -1

T &)

where J is the spectral overlap between donor
emission and acceptor absorption; Qr,, is the
quantum yield of Trp emission, # is the refractive
index in the protein, and x? is a factor depending
on the relative orientation of the transition
dipoles of the donor and the acceptor (Birks,
1970; Lakowitz, 1983b; Hochstrasser and Negus,
1984).

3. Results
3.1. Steady-state studies

3.1.1. Stability of porphyrin derivatives

The photostability of the chromophores is
requirement for the correct determination of th
association constant based on the fluorescenc
intensity. The stability of MP and MgMP wa
controlled in the systems that we studied by mea
suring the fluorescence intensity of the porphyri
derivatives upon prolonged irradiation. The sam
ples containing MP were found stable; but in cas
of MgMP the demetallation of the Mg-porphyrii
in aqueous solution could be detected (Darwent e
al., 1982). In Fig. 1 the typical changes of th
emission spectrum as a function of time fo
MgMP in pH 7.4 phosphate buffer solution ca:
be seen within 3 h. The emission maximum a
583.5 nm decreases and a new peak, with increas
ing intensity, characteristic for MP at 613 nm i
observed. The effect was less significant whe
MgMP was incorporated in the liposomes or i
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HSA. The rate constants of MgMP decomposi-
tion in the studied systems are listed in Table 1.
The values in the Table represent the average of
three independent measurements at 32°C. The
data demonstrate the stabilising effect of lipo-
somes and HSA for the MgMP, compared to that
of the pure aqueous phase.

3.1.2. General spectral properties

The fluorescence emission spectra of MP and
MgMP in buffer and in different complexed forms
are shown in Fig. 2. The wavelength of excitation
and emission maxima of the two dyes in different
systems are listed in Table 2. The spectral charac-
teristics in the buffer solution are in accordance
with the literature data found for MgMP
(Gouterman, 1961) and for MP (Margalit and
Rotenberg, 1984). The addition of HSA and lipo-
some to the MP solution resulted in an increase of
fluorescence intensity (not seen in Fig. 2 because
of normalisation) and in a significant red-shift of
original fluorescence maximum of porphyrin. In
case of MgMP the interaction with HSA and
liposomes was followed by the increase of the
fluorescence intensity, the spectral shifts were not
significant.

The relative position of the emission maxima
for protein-bound and liposome-bound molecules
(see Fig. 2) are distinct in case of the two por-
phyrins. The effect is especially remarkable for
MP, suggesting that the binding means different
structural effects in the two cases.

Table 1
The rate constant of MgMP decomposition in different sol-
vents at 32°C

Solvent Rate constant
(Gl

Ethanol 2.5%x1073

pH 7.4 Phosphate buffer 3.0x107%

HSA in pH 7.4 phosphate buffer 1.7x10—*

Liposomes in pH 7.4 phosphate buffer 4.0x10~?
Liposomes+HSA in pH 7.4 phosphate 1.0 x 10—*
buffer

a
1.0+

0.8+

0.6+

044

_meanTAARTo

0.2+

0.0 ot : : —
550 575 600 625 650 675 700 72

Fluorescence int. (relative units)

wavelength (nm)

Fig. 2. (a) The normalised fluorescence emission spectra of M
in different systems at 32°C. The concentration of MP was 5
nM, in 10 mM pH 7.4 phosphate buffer in all cases. Th
different systems are indicated by different styles of lines. Soli
line: MP in buffer; dashed line: MP in DMPC/DMPG lipc
some solution, at 10 ~* M lipid concentration; dotted line: M
in 5 - 10~ ° M HSA solution. (b) The normalised fluorescenc
emission spectra of MgMP in different systems at 32°C. Th
concentration of MgMP was 50 nM, in 10 mM pH 7.
phosphate buffer in all cases. The different systems are ind
cated by different styles of lines. Solid line: MgMP in buffe
dashed line: MgMP in DMPC/DMPG liposome solution, :
10~* M lipid concentration; dotted line: MgMP in 5 - 10~
M HSA solution.

3.1.3. Complex formation of the porphyrins with
HSA

In order to study the binding of MP an
MgMP only to the high-affinity binding site ©
HSA, the amount of protein was added in exces
in all measurements (Muller-Eberhard and Mot
gan, 1975; Parr and Pasternack, 1977; Cannon e
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Table 2

The wavelength of MP and MgMP fluorescence excitation and emission spectra maxima in different media at 32°C

Solvent Aex (M) Aem (nM)

MP MgMP MP MgMP
DMF 399 — 624 —
Ethanol 406 — 583
pH 7.4 Phosphate buffer 392 403 613 584
HSA in pH 7.4 phosphate buffer 399 412 623 587
Liposome in pH 7.4 phosphate buffer 400 411 625 585

al., 1984; Rotenberg and Margalit, 1985; He and
Carter, 1992). The plots of the relative fluores-
cence intensities of MP (at 623 nm) and of MgMP
(at 587 nm), versus the total concentration of the
added HSA are shown in the inset of the Fig. 3,
and demonstrate a definite saturation effect. The
association constant K,, for the porphyrin—HSA
reaction was determined from a Scatchard repre-
sentation (Scatchard, 1949), as shown in Fig. 3.
This method can also be used to determine the
number of binding sites, n and to differentiate
between the co-operative and non co-operative
binding of ligands (Schwarz, 1976). In our experi-
ments the Scatchard plots correspond to the fol-
lowing formula:
[HSA]bound

Ka (}’l [P]tot - [HSA]bound) - [HSA]free (4)
where [HSA],.una represents the concentration of
HSA that binds porphyrins; and [HSA];.. is the
concentration of the protein, without bound por-
phyrin. When plotting the values of ([HSA]vouna/
[Ploo/[HSATe.  against [HSAlyoung/[Plon  the
graph should indicate linear relationship. The in-
tersects of the fitted straight line at the x and y
axes yield n and n - K, respectively.

At the applied experimental conditions, the di-
rect determination of [HSA],,u.q Was impossible,
so we had to approximate it. Because of the
relatively large excess of HSA at all experiments
we supposed that only the main binding site of
HSA takes part in the complex formation thus
[HSAlyouna Was estimated by the bound porphyrin
concentration, [Pl,ounq- The concentration of free
porphyrin, [P];... was determined from the initial
porphyrin concentration [P]., and from the

fluorescence intensities at that wavelength wher
there is negligible overlap in the emission spec
trum of pure and HSA containing porphyrin solu
tions (for MP at 605 nm, and for MgMP at 57
nm, respectively). The data points could be wel
fitted by a straight line for both systems. Th
average of n values for MP (0.92 + 0.03), and fo
MgMP (1.01 +0.04) calculated from the intersec
tions indicate the validity of the Scatchard de
scription with n=1, which means a no:
co-operative binding of these porphyrins to on
single type of binding sites of HSA at the applie
conditions. The association constants for th
MP- and MgMP-HSA complex formations ar
given in Table 3. The error of the MgMP—-HS/
association constant caused by the instability o
MgMP was calculated on the basis of the mea
sured rate constants of demetallation reaction
According to these data (Table 1) the error wa
estimated as being less than 6% under the applie
experimental conditions, what we considered a
an inherent inaccuracy in the experiments.

3.1.4. Interaction of MP and MgMP with
liposomes

The experimental conditions to characterise th
interactions between the DMPC/DMPG SUY
liposomes and the porphyrin derivatives were sim
ilar to those, described above. The aliquots o
liposomes (to vary the total lipid concentration o
the solution from 5 - 107 to 2 - 10~* M) wer
added stepwise under stirring, and the fluores
cence emission spectra were recorded.

To determine the association constant K; o
porphyrins to the liposome, the following formul
(Kuzelova and Brault, 1994) was used:
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Fig. 3. The Scatchard representation and fitted straight lines
for MP-HSA (open circles and dashed line), and MgMP-HSA
(solid squares and solid line) systems, at pH 7.4 and at 32°C,
to determine the porphyrin-HSA association constants. The
inset shows the relative fluorescence intensities versus the total
concentration of added HSA for both cases (the symbols are
the same as mentioned above). The excitation and emission
wavelengths for MP-HSA were 392 and 623 and for MgMP-
HSA solution 403 and 587 nm, respectively. The porphyrin
concentration was 50 nM.

1 _ 1 L_’_ 1
I1—1, (Ilip — 1) - Ky [lip] Ly, — Iy

where [lip] represents the lipid concentration cor-
responding to the free liposomes in the solution,

®)

Table 3
The association constants of MP and MgMP to HSA (K,) and
liposomes (K;) at 32°C

Porphyrin K, M~ K, MY
MP (2.540.7)x 107 (3.240.6)x 10*
MgMP (1.7 4 0.5)x 107 (1.5 +0.6) x 10*

and the fluorescence intensities are determined a
the wavelength of peak emission of porphyrin
bound to liposomes; Iy, I and I, are the emissio:
intensities in the absence, in the presence of lipo
somes and in the case of total incorporation re
spectively. This formula takes into account th
possible overlap of emission bands of free an
bound porphyrins. To evaluate the associatios
constant of the examined porphyrins to th
DMPC/DMPG SUV liposomes, we used the in
tensities at the emission peak: for MP bound t
liposome at 625 nm, and for the MgMP-liposom
system at 585 nm.

Because of the large concentration differenc
(three orders of magnitude or bigger) between th
porphyrin and lipid in our experiments, the lipi
concentration in the equilibrium was approxi
mated by the total lipid concentration. Accord
ingly, the plot of [,/(I—1,) as a function o
1/[lip].o; should yield a straight line with an inter
section at the y axis as Iy/(J;;, — 1), and with .
slope as Iy/[(I, — Ip) - K;]. The binding constant
for the porphyrin—liposome interaction were eval
uated from the parameters of the fitted function
Fig. 4 represents a typical plot of the MP- an
MgMP-lipid systems. The K; values are listed i
Table 3. The inaccuracy of the association con
stant caused by the demetallation process in cas
of the MgMP-liposome system is similar to that
found for the MgMP—-HSA complex.

3.1.5. The distribution of porphyrins between
HSA and the liposomes

In the partition experiments liposomes corre
sponding to the saturation value were added t
MP and MgMP dissolved in buffer. To complet
the incorporation reaction, the sample was incu
bated for 5 min then increasing amounts of HS/
were added to it. The emission spectrum of MI
and MgMP was recorded at different HSA-lipo
some molar ratios, excited at the Soret maxima
The fluorescence intensity of the porphyrin—lipo
some complex decreased with the increase of HS/
concentration, and a virtual shift of the spectrun
indicated the appearance of a new compound
The spectral change corresponded to the appear
ance of the MP and MgMP spectra when boun
to HSA.
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Fig. 4. The relative fluorescence intensity change as the func-
tion of total liposome concentration in the MP-liposome (open
circles and dashed line) and MgMP-liposome (solid squares
and solid line) solutions, at pH 7.4, to determine the K|
values. The lines indicate the fitted functions. The inset repre-
sent the relative emitted fluorescence light intensities plotted
against the lipid concentration. The excitation and emission
wavelengths for MP-liposome were 392 and 625 and for
MgMP-liposome solution 403 and 585 nm, respectively. The
porphyrin concentration in all cases was constant, 50 nM, and
the temperature was kept at 32°C.

If the partition is the result of the competition
of two independent complex forming reactions
through the aqueous phase, the experimental data
obey the following formula (Kuzelova and Brault,
1994):

K, - [lip] _
Ky - [lip] + K,[HSA] = Iy, — Insa
where I;;, and Ig, are the fluorescence intensities

of the porphyrin at the wavelength of porphyrin—
liposome emission maximum, when bound to

_ I —Tysa

(6)

liposome or to HSA, respectively and 7 is th
actual measured intensity at the same wavelengtt

In Fig. 5 one series of measurements for botl
porphyrin derivatives are shown. The data sugges
that both porphyrins rebind to HSA, but th
process is different for the free-base and for th
metallo-porphyrin. The increase of HSA concen
tration in the MgMP-liposome system resulted i
a monotonous decrease of the fluorescence inten
sity at 585 nm that demonstrates the total transfe
of Mg-porphyrin from the liposomes to the HS/
molecules. The saturation value of this intensit
decrease is determined by the fluorescence inten

1.05 ¢+

0.80 ! ] | ]

1 I I |
0.000 0.005 0.010 0.015 0.020

[HSA]/[lipid]

Fig. 5. The distribution of MP (open circles) and MgMP (soli
squares) between liposomes and HSA. The relative fluore:
cence intensities at wavelengths of the emission maximum fc
porphyrin—liposome complexes plotted against the HSA/lipi
ratio, at pH 7.4. (The emission maximum for MP was 625 nr
and for MgMP 585 nm, respectively.) The porphyrin concer
tration for both derivatives was 50 nM, and the temperatur
32°C. The solid curve demonstrate the fitted function to th
data points of MgMP containing HSA-liposome system.
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Table 4
The fluorescence lifetime of MP and MgMP in different
solvents at 32°C

Solvent Lifetime (ns)
MP MgMP
DMF 1795+ 0.12  8.86 +£0.12
Ethanol 1445+0.12  7.45+0.09
pH 7.4 Phosphate buffer 15.10+0.11 8.054+0.25
HSA in pH 7.4 phosphate 16.53 +£0.16 9.55+0.22
buffer
Liposome in pH 7.4 phos- 18.10 £0.11  10.62 +£0.27

phate buffer

sity of MgMP when it becomes totally bound to
HSA. In Fig. 5, the solid line shows a fitted
function according to Eq. (6) for the MgMP
partition data. The fitting resulted in K:
1.9-107 M~! and K;: 1.7-10* M~! for
MgMP binding, that agree well with those ob-
tained by the independent experiments for bind-
ing to HSA and to liposomes, respectively.

The relative fluorescence intensity of the MP-
lipid solution at 625 nm shows a similar change
at low protein concentrations, while a well
defined increase of this parameter can be seen
above 0.005 [HSA]/[lip] concentration ratio, up
to a saturation value.

3.2. Time-resolved measurements

3.2.1. The fluorescence lifetime of porphyrin
derivatives

The excited state lifetime data were also used
to compare the complex formation of the two
porphyrin derivatives with HSA or liposomes.
The instability of MgMP, however, caused seri-
ous problems in the measurements, since the low
concentration of the sample required long data
collection time. Thus the values for MgMP are
valid within an accuracy of =+ 30%. From the
data, compared in Table 4, it is seen that the
deexcitation pathways in the various environ-
ments are not significantly different in case of
the two porphyrins.

3.2.2. The fluorescence lifetime of the tryptophan
in HSA

The fluorescence lifetime of the single tryp
tophan in HSA—near the porphyrin main bind
ing site (Meloun et al., 1975; He and Carter
1992)—might be a sensitive parameter to detec
the binding of porphyrins to HSA from the sid
of the protein, as the spectral overlap betwees
the porphyrins and the Trp allows for energ
transfer.

To make the emitted signal large enough fo
the accurate time resolved measurements, th
initial concentration of HSA in these exper
ments was 6-10-¢ M, and the porphyrin
protein ratio was kept below 1, to saturate onl
the main binding site of HSA. The Trp fluores
cence was excited at 295 nm, and the emissio:
was detected at the maximum, at 345 nm. Thi
maximum position corresponds to a moderatel
solvent exposed Trp environment in HS/
(Lakowitz, 1983b).

The fluorescence of Trp was quenched b
both porphyrins with a saturation character
The long lifetime components of a two compo
nent fit to the fluorescence decay of Trp at satu
ration conditions are shown in Table 5, togethe
with the corresponding kgt (Eq. (3)) values.

The J overlap integrals needed for the calcula
tions were determined by the following formula:

500
J=J Frop(4) = &(4) - 2% - dA (7
300

where Fr.(4) is the normalised fluorescenc
spectrum of Trp, ¢(4) is the molar extinctio:
coefficient of MP or MgMP (in M ~!cm ~!) an
A 1s measured in nm (Loura et al., 1996). Th
other parameters in Eq. (3) were estimated b
using n=1.35, Qr,,=0.35 according to Long
worth (Longworth, 1971). The obtained J val
ues, shown also in Table 5, are comparable wit!
literature data for similar systems. The distance
between the Trp in HSA and the bound por
phyrins were compared (Table 5) by using Eg
(3), assuming that the orientation factor, x> i
equal to 2/3 in both cases. This x> value corre
sponds to a freely rotating system, which is ac
ceptable for the Trp at the applied condition
(Birks, 1970).
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Table 5

The influences of the energy transfer between the Trp of HSA and porphyrin derivatives at 32°C

System 7 (ns) ker (71 J M~ cm?d) R (nm)
HSA 5.76 £0.11 — — .
HSA +MP 480+0.11 347%10° 1 753510~ 14 3
HSA +MgMP 427+0.14 6.06% 101" 41951014 wa

4. Discussion

4.1. Interaction of MP and MgMP with HSA

The spectral shifts of emission spectra and the
changes in the fluorescence lifetime of the por-
phyrins, and Trp residue in HSA support the
interaction of MP and MgMP with HSA at our
experimental conditions. The calculated R values
(Table 5) are comparable with the size of the HSA
molecule and with a possible distance between the
porphyrins bound to the primary binding site in
HSA and the nearby Trp according to the low
resolution X-ray crystallographic results for the
structure of HSA (He and Carter, 1992).

We compared the K, values, evaluated from the
results of steady state measurements for MP
(2.5-10) and MgMP (1.7 - 107) porphyrin
derivatives with literature data for similar systems
(5-105—=3-10® M~—") (Muller-Eberhard and
Morgan 1975, Reddi et al., 1981; Rotenberg et al.,
1987) and a good agreement could be observed. It
was found that the association constant of differ-
ent free-base porphyrins increases with the hydro-
phobicity of the side chains of the porphyrins.
The values reported for hematoporphyrin and for
deuteroporphyrin are ~10° and ~5 - 10" M},
respectively. The association constant, determined
by us for MP, is between these values, in accor-
dance with the hydrophobic character of this
molecule compared to the other porphyrin
derivatives.

The association constants in Table 3 suggest
tighter contact in case of MP-HSA (the K, value
for this system is almost 2-fold larger) compared
to the MgMP—-HSA interaction. We explain the
difference in the K, values on the basis of distinct
configurations: the porphyrin ring is expected to
be planar in case of MP (Scheidt, 1978), but the

presence of the Mg ion—in most solvents/envi
ronments—modifies this planarity into square
pyramidal geometry, where the distance of the io
from the ring may vary with co-ordination (Buck
ler, 1978). The X-ray structure analysis of differ
ent Mg-porphyrins (Tronrud et al, 1986
demonstrated, that the distance of the Mg?* fron
the main porphyrin plane (0.42-0.54 A) can var,
depending mainly on the nature of the ligand an
on the side chains, attached to the main core. Th
protein environment thus may also have a simila
effect.

4.2. Binding of MP and MgMP to liposomes

The interaction of the porphyrin derivative
with the different membrane structures of th
living systems are critical in the transport an
final distribution of these molecules. The por
phyrin binding and incorporation by several typ
of liposomes and cell membranes was studied b
using different methods (Greenbaum and Kappas
1994b; Kuzelova and Brault, 1994; Ricchelli et al
1995). The surface charge of the liposomes, th
charge distribution of the porphyrin derivative
and the hydrophobic interactions are the mos
important factors in the binding and incorpora
tion effects, at a given pH and ionic strength.

We compared the K; value of MP obtained b
us (K; =3.2 - 10 to that found for deuteropor
phyrin with respect to DMPC sonicated lipo
somes as ~ 8 - 10* M~! (Kuzelova and Braull
1994, 1995). The slight difference between the tw
values may be explained by the different surface
charge distribution of liposomes and by the differ
ence in the hydrophobic nature of the tw
porphyrins. In the cited works, it was suggeste
that the porphyrin is located between the pola
and apolar part of the DMPC liposomes. In ou



1. Bardos-Nagy et al. / International Journal of Pharmaceutics 175 (1998) 255-267 26

studies, the fluorescence emission maximum of
MP in the liposome (Fig. 2) is close to that
observed in DMF (Table 2). This suggests that
the environment of the porphyrin has similar
hydrophobicity in the two systems. This means
that the slightly negative surface of the liposome
might assist the effective incorporation of MP
into the deeper apolar part of the liposomes in
our case.

The results obtained for the uptake of Zn-
mesoporphyrin by differently charged liposomes
(Greenbaum and Kappas, 1994b) showed that
this porphyrin is incorporated closer to the polar
region of the bilayer. The same charge and the
similar size of Zn and Mg ions may result in
similar non polar geometry and charge distribu-
tion for both metallo-porphyrins leading to the
assumption that the co-ordination of MgMP is
similar to that of ZnMP in liposomes. This con-
clusion is also supported by the fact that there is
only a slight spectral shift when MgMP is bound
to liposomes compared to the aqueous or ethanol
solutions

4.3. Partition of MP and MgMP between
liposomes and HSA

In our studies we examined the partition of
free-base and MgMP between the DMPC/DMPG
liposomes and HSA based on the hypothesis of
Brault et al. (Kuzelova and Brault, 1994).

The results obtained by us (Fig. 5) indicated
that the same model describes the redistribution
of MgMP. But the partition of MP between the
liposomes and the HSA showed a different char-
acter. The agreement between the experimentally
measured points and the fitted function was suffi-
cient only for the initial part of the redistribution
process. The rebinding of the free-base MP from
the liposome to HSA seemed to be hindered when
the amount of HSA exceeded a certain [HSA]/
[liposome] ratio. This suggests that the partition
of MP between the liposome and HSA are not
independent processes.

In the literature there is evidence for the bind-
ing of serum albumin to liposomes of various
compositions (Lis et al., 1976; Hoekstra and
Scherphof, 1979). This interaction might result in

the penetration of the protein molecules into th
lipid phase. Furthermore, it was suggested tha
the non-incorporated moiety of the protein ma
cover the surface of the liposomes (Law et al
1988; Galantai et al., 1996). A covering effect i
case of the MP incorporated liposomes that be
comes dominant with increasing HSA concentra
tion would explain our results as well. W
interpret the results of the partition experimen
for the MP in this way, and suppose that th
interaction of HSA with the liposomes prevent
the efflux of porphyrin to the aqueous phase. Th
increase in the fluorescence intensity of MP to
wards higher HSA concentrations (Fig. 5) can b
explained as an effect of the modification of th
MP environment due to the HSA-liposom
interactions.

The striking difference in the redistribution o
the two porphyrins indicates that the interactios
of liposomes with HSA is affected by the incorpo
ration of the porphyrin derivatives. The presenc
of MgMP on the surface of the liposomes, or nea
to it prevents the tighter co-ordination of HSA t
the lipid membrane; the redistribution of por
phyrin—governed by the difference in the associ
ation constants—occurs through the aqueou
phase. In case of the MP-liposome system, wher
the porphyrin is incorporated into the deeper par
of the liposome, the HSA-liposome interaction
generate new conditions for the partition of por
phyrin between the two phases.

The distinct partition behaviour of the tw
porphyrins between lipid membranes of certai
composition and HSA, in addition to the sligh
differences in the porphyrin—HSA and por
phyrin—Iliposome association constants, may re
sult in a notable difference in the metaboli
transport of free-base and metallo-porphyrin ana
logues. These effects should be considered als
with respect to the selection of proper method
for photodynamic tumor therapy.
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