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1. I n t r o d u c t i o n  

During the last few years it was shown that it is pos- 
sible to build up simple organized lamellar systems con- 
taining Cd arachidate and different dye molecules by 
means of  a monolayer assembling technique [ 1 ]. This 
paper deals with similar systems containing Cd arachi- 
date and cytochrome c. The cytochrome c layers are 
produced by adsorption of  dissolved cytochrome c on 
an arachidic acid film at the air/water interface [2]. 
The lipid protein film can be transferred onto a solid 
support. By these means the cytochrome c layer is 
embedded between Cd arachidate layers in a multi- 
layer assembly. In this system the cytochrome c mole- 
cules are partially oriented as indicated by absor- 
bance measurements with polarized light. By embed- 
ding a cytochrome c layer at different distances from 
a fluorescent dye layer the trabsfer to excitation 
energy to cytochrome c is investigated. The range of  the 
energy transfer corresponds to a Perrin Fi~rster mecha- 
nism. 

2. Cytochrome c in an artificial lamellar s y s t e m  

In order to obtain a cytochrome c layer the protein 
(oxidized horse heart cytochrome c, Boehringer Mann- 
heim) is adsorbed from the solution onto the hydro- 
philic side o f  an arachidic acid monolayer at the air/ 
water interface (surface pressure of  the monolayer: 
3 5 - 4 0  dyn/cm; subphase: barbiturate buffer pH 7.8, 
ionic strength ca. 10 -a M; protein concentration: 
0.24 g/l; time of  adsorption 15 min). The lipid protein 
film is separated from the underlying protein solution 
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Fig. 1. By dipping a hydrophobic glass slide through a lipid 
protein film at the air/water interface the film is transferred 
onto the solid support (left hand side). By pulling the slide 
out through the same film a double protein layer is produced 
(right hand side). By replacing the lipid protein film at the air/ 
water interface by a new lipid film before pulling out the 
slide, one protein layer can be embedded between two lipid 

layers. 

by shifting it over a protein-free subphase in a multi- 
compartment trough [2]. By dipping in and out a 
hydrophobic glass slide the lipid protein film is trans- 
ferred onto the support (fig. 1). 

By means of  a special photometer [3] the absorp- 
tion spectrum of  one deposited cytochrome c layer 
can be measured. The absorbance of  a dye layer in the 
proximity o f  an air/dielectricum interface depends on 
the phase of  the light reflecting at the interface and 
interacting with the dye [4]. The measured absorbance 
A is a function of  the distance of  the dye layer from 
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Fig. 2. Multilayer assemblies used for a) measuring the absor- 
bance of a cytochrome c layer; b) investigating energy transfer 

from a cyanine dye to cytochrome c. 

the interface with a highest value Ama x and a lowest 
value Ami n. The absorbance in a dielectric continuum 
is calculated from these two values [5, 6] " 

,~= 1/2 (Area x +Amin) 

~.Id31 

1.10 -3 

,,ci r0 

o 

° 

unpolarized 

electrical field vector 
paraUel to the I ~ n e  of incidence 

electrical fmld vector 
perperclicutar to the 
l~ane of incidence 

~ zL Jz Lo dB 
number m of Cd aFachidate layers 

Fig. 3. Absorbance ofa cytochrome c layer at 410 nm as a 
function of the number m ofCd arachidate monolayers depo- 
sited upon it (fig. 2a). Different polarizations and angles of 
incidence of the measuring light are applied as indicated in the 

figure. 

To determine the absorbance of a cytochrome c 
layer embedded in Cd arachidate this layer is covered 
by Cd arachidate films (fig. 2a). Fig. 3 shows the 
measured absorbance as a function of the number m 
of superimposed Cd arachidate layers. Different 
polarisations and angles of incidence of the measuring 
light are applied as indicated in the figure. Taking the 

values ofAma x andAmi n from fig. 3 the following 
values of A are obtained: 

A-] (unpolarized) = 2.6 X 10 -3 
A 2 (el. field parallel to the plane of incidence) = 2.7 X 10 -3 
/13 (el. field perpendicular to the plane of incidence) 

= 2.9 X 10 -3 

The ratio R = A 3/A2 depends on the orientation of 
the chromophore considered. By comparing the experi- 
mental value of R with values calculated for different 
orientations of the porphyrin chromophore [5, 7],  in,, 

formation is obtained on the orientation of the cyto- 
chrome c molecules embedded in the multilayer system. 
Taking into account that cytochrome c has approxi- 
mately the shape of an ellipsoid, (main axes 35 A, 
25 A, 25 A) the porphyrin ring being embedded in a 
cleft nearly parallel to the long axis [8], and using the 
refractive index of Cd arachidate 1,52 [5, 6] the calcu- 
lations provide the following values of the ratio R : 

R = 1 in the case of a statistical orientation of the cyto- 
chrome c molecules; 

R = 1.27 in the case of an orientation with all porphyrin 
rings parallel to the layer plane; 

R = 1.08 assuming all cytochrome c molecules to be adsorbed 
with their long axes parallel to the layer plane and 
their short axes statistically oriented. 

The experimental value A 3/,4 2 = 1.08 agrees with the 
last mentioned partially ordered arrangement. 

If the cytochrome c molecules are assumed to be 
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Fig. 4. Quantum spectrum of the fluorescence of a monolayer 
consisting of cyanine dye I and Cd arachidate in the molar 
ratio 1:20 and absorption spectrum of a cytochrome c layer. 

embedded in a two-dimensional closely packed array 
with their long axes parallel to the layer plane they 
must occupy an area of  7 5 0 - 8 0 0  A 2/molecule. The 
experimental  value o f  the area per adsorbed molecule 
is obtained from the absorbance measurements. Using 
the value of  the absorbance at 410 nm with  perpendi- 
cular angle o f  incidence AI  = 2.6 × 10 -3 , the extinct ion 
coefficient of  oxidized cytochrome c at 410 nm e = 
1.065 × 10 s cm2/mole [9] Av0gadro's  n u m b e r N  A = 
6 × 1023 and taking into account that for the observed 
orientation of  the chromophores the absorbance is 
9/8 times the absorbance for statistical orientation,  the 
number N o f  cytochrome c molecules per cm 2 is ob- 
tained: 

N =  
8XNA X~_ 

9 X e  

8X 6X 1023 X 2.6X 10 -3 
= 1.3 X 10 x3 

9 X 1 . 0 6 5 X  10 s 

molecules/cm 2 

This value correspons to an area of  770 A 2 per mole- 
cule indicating a closely packed layer o f  cytochrome 
c molecules being incorporated in the lameUar assem- 
bly. 

3. Energy transfer from a fluorescent cyanine dye to 
cytochrome c 

The excitation energy o f  a fluorescent dye molecule 
can be transferred to another molecule in the proximity  
through the electromagnetic field if the fluorescence 
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Fig. 5. Relative fluorescence intensity Id/l o of a monolayer of 
cyanine dye I (fig. 4) at 430 nm as a function of the number n 
of Cd arachidate between the dye layer and a double layer of 
cytochrome c (fig. 2b). In addition the function: 

Id/l 0 = (1 + (d._o_o)4 + (do)4)-1 is plotted withd 1 = d 2 + 25 .~, 
a l  d2 

d 2 = n X 26.5 + 12.5 fl~and do = 65 ,~. 

spectrum of  the energy donor overlaps with the absorp- 
tion spectrum of  the energy acceptor [ 1 0 - 1 2 ] .  By se- 
parating monolayers of  two suited dyes by  Cd arachi- 
date monolayers in a mult i layer assembly,-information 
is obtained on the distance dependence of  the energy 
transfer and on possibly occurring rearrangements of  
the mult i layer system [ 1 ] .  

Fig. 4 shows that  the fluorescence spectrum of  the 
cyanine dye I overlaps with the Soret band o f  cyto- 
chrome c indicating that cytochrome c is suited as 
acceptor of  the excitat ion energy of  this dye molecule.  
Multilayer systems are built  up according to fig. 2b 
containing a cyanine dye monolayer  (mixed with Cd 
arachidate at the molar ratio 1:20) and a cytochrome 
c double layer separated by different numbers n of  
Cd arachidate monolayers.  The dye is excited by light 
of 366 nm and the fluorescence intensity is measured 
at 430 nm in a special f luorometer [3] .  Fig. 5 shows 

the values o f  the ratio Id/I  o of  the fluorescence inten- 
sity I d for different distances of  the acceptor from 
the fluorescent dye divided by the fluorescence inten- 
sity Io o f  similar systems without  a cytochrome c 
layer. 

The quenching of  the fluorescence of  a dye molecule 
due to Perrin F~rster energy transfer to a thin accep- 
tor layer decreases with increasing distance d of  the 
donor molecule from the acceptor layer according 
to [12]:  
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(do ,}4)-1 ld/1 o = (1 + , ~ - -  . 

The characteristic distance do is given by: 

do =aX 1/rX X f X q ~ X A ~  

with 

Af=f A(O) X f(O) X (vV_-JL) 4 X dP. 
O 

.4 (v-) is the absorbance of  the acceptor layer as 

a function of  the wavenumber p ; gf is the wavenumber 
of  the maximum of  the fluorescence band and f (p)  is 
the distribution function of  the quantum spectrum of  
the fluorescence normalized according tO~fo f(p) dg = 

1. qf is the quantum efficiency o f  the fluorescence of  
the energy donor, Xf is the wavelength of  the maximum 
of  the fluorescence band and r is the refractive index 
of  the surrouding dielectricum, a is a numerical factor. 

For one cytochrome c layer, Af  = 0.84 X l0 -3 is 
obtained from fig. 4. For the cyanine dye 1, qf = 0.43 
[13] and Xf = 430 nm. For Cd arachidate r = 1.52 
[5, 6] .  If  the transition moments  of  the energy donor 
lie parallel to the layer plane [ 1 ] and the moments of 
the acceptor are statistically oriented, a = 0.14 [ 12]. 
The transition moments  of  the acceptor being oriented 
as observed with cytochrome c this value of  a is 
changed only little. Thus the theoretical value of  do 
is calculated to be do (theor.) = 56 A. 

Taking into account that the measured fluorescence 
intensities (fig. 5) are obtained with two acceptor layers 
at the distances dl  and d2 (fig. 2b), an experimental 
value of  do is found by fitting the function 

ld/lo = (1 + (~_)4  + (~0_)4)-1 
dl d2 ' 

var}zing do by trial and error, d t and d2 depend on the 
number n of  Cd arachidate layers, on the thickness o f  
one Cd arachidate layer (26.5 A [6] ) and on the thick- 
ness of  one cytochrome c layer.(ca. 25 A) according to 
(fig. 2b): 

d, =d2 + 2 5 A ,  

dz = n  X 26.5)~ + ½ X 2 5 A  

The function plot ted in fig. 5 corresponds to do (exp.) = 

65 A. Thus by interpreting the measured fluorescence 
quenching being caused by Perrin F5rster energy trans- 
fer, a characteristic distance do is obtained very similar 
to that predicted by the theory.  The difference may 
arise from the not very accurate value o fq f .  The devia- 
tion of  the measured fluorescence intensity from the 
theoretical curve (fig. 5) is not yet  well understood. 

The possibility of  measuring a reproducible distance 
dependence of  fluoresence quenching indicates that 
the arrangement of  the lipid protein multi layer assem- 

bly is as to be expected from the depositing procedure 
of the monolayers.  Little disturbances cannot be ex- 
cluded by these macroscopic measurements. Electron 
microscopic studies are in progress to get information 
on this problem. 
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