
Biochimiva et BioplTvsica Acta 813 (1985) 111-116 111 
Elsevier 

BBA72467 

Fluorescence  energy transfer be tween  ionophore,  A23187,  and membrane  

proteins of  isolated outer and cytoplasmic membranes  of  a Gram-negative 

bacterium 

A t s u s h i  H y o n o  a, S h i g e k o  K u r i y a m a  a a n d  M a s a m i k i  M a s u i  b 

~' Biophysics Laboratory and h Department of Bacteriology, Osaka City University Medical School, Asahi-machi, Abeno-ku, 
Osaka, Osaka 545 (Japan) 

(Received September 3rd, 1984) 

Key words: Fluorescence energy transfer; Tryptophan fluorescence; Ionophore A23187; Membrane protein; (Ps. 
halosaccharolytica ) 

When tryptophan residues of the proteins of outer and cytoplasmic membranes of a modeprately halophilic 
bacterium, Pseudomonas halosaccharolyticaATCC 29423, were excited at the wavelength 270 nm, tryptophan 
emission was observed at 330 nm. Adding the calcium ionophore, A23187, to both suspensions, the 
tryptophan emission at 330 nm decreased and the ionophore emission at 430 nm increased. Thus, when the 
calcium ionophore was increased in both suspensions, the ionophore emission increased with excitation of 
membrane tryptophan, that is, the fluorescence energy was transferred from tryptophan to the calcium 
ionophore. Using the F6rster equation the critical distance was calculated to be 52 k,. As this distance is 
considerable compared with the diameter of the membrane protein molecules, the ionophore cannot be bound 
to the membrane proteins. It is probably located in the lipid bilayers. 

Introduction 

Calcium ionophore, A23187, seems to act as a 
carrier of calcium through the lipid membranes.  
Hyono et al. [1] found that A23187 transports 
ca l c ium as a c o m p l e x  of m o l a r  ra t io  
[A23187] / [ca lc ium]=2: l ,  but on lowering the 
ionophore concentration, the ratio becomes 1:2.  
Molecular structures of the complex in solid 
crystals or in solutions are known [2-5]. Com- 
plexes of this ionophore with another divalent 
cation, Mg 2÷ , and monovalent cations, Na + , K ÷, 
etc. were also reported [6,7]. Case et al. [8] found 
that a cationic form of A23187 carry some current 
but most A23187 transport Ca z÷ by electrically 
neutral form. Pringle and Hidalgo [9] reported that 
this ionophore has no effects on either the rota- 
tional motion of Ca 2 ÷-ATPase, in the membranes 
or on the mobility of the lipid acyl chains. 

Calcium concentrations inside the cells of usual 
bacteria are maintained at less than 10 - 6  M by the 
calcium efflux through CaZ+-ATPase even if the 
concentration of 10 .3 M Ca 2+ outside the cells is 
exceeded. On the contrary, A23187 would then act 
as an influx carrier of Ca 2+ through the lipid 
bilayers. Verjovski-Almeida [10] obtained evidence 
for a fluorescence energy transfer between ATPase 
and another ionophore, X537A, in the sarcop- 
lasmic reticulum. We studied the relations between 
membrane proteins and A23187 using separated 
outer and cytoplasmic membranes of a moderately 
halophilic Gram-negative bacterium, Pseudomonas 
halosaccharolyticaATCC 29423. We used this 
bacterium as we are studying the biophysical prop- 
erties of its membranes [11-15]. We found no 
direct interaction between the Ca z + efflux by the 
membrane proteins and Ca 2+ influx by A23187, 
however, we did obtain evidence for a fluorescence 
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energy transfer from the tryptophan residue of 
membrane proteins to A23187, in both the outer 
and cytoplasmic membranes of this bacterium. 

Materials and Methods 

Preparation of outer and cytoplasmic membranes. 
Moderately halophilic bacterium, Pseudomonas 
halosaccharolytica ATCC 29423, was grown in HP 
101 medium containing 2 M NaC1 at 30°C [1], and 
its outer and cytoplasmic membranes (OM and 
CM) were prepared by the method of Hiramatsu 
et al. [16]. The harvested cells were suspended in 
50 mM Tris-HC1 buffer (pH 7.8, containing 20% 
sucrose and DNAase), stirred for 1 h and then 
centrifuged at 10000 X g. The supernatant and 
precipitate containing outer and cytoplasmic mem- 
branes, respectively, were treated with lysozyme, 
washed and the membranes separated by sucrose 
discontinuous density gradient centrifugation in 50 
mM Tris-HC1 buffer, in a Hitachi RPS 40T rotor 
at 36000 rpm. The outer and cytoplasmic mem- 
branes were recovered from the 50 and 30 per cent 
sucrose layers, respectively, and then dialyzed 
against cold 5 mM Tris-HC! buffer (pH 7.8). 

Reagents. Calcium ionophore, A23187, was 
purchased from CalBiochem-Behring Corp. 
DNAase and lysozyme were products of Sigma 
Chemical Co. Most chemicals were special grade 
products from Wako Pure Chemical. 

Absorption spectra. Absorption spectra of sus- 
pensions of outer membrane and cytoplasmic 
membrane in 50 mM Tris-HCl buffer (pH 7.8) and 
A23187 in e thanol /50 mM Tris-HC1 buffer (pH 
7.8) solution were all from a Hitachi 220A Spec- 
trophotometer (the ratio of ethanol to Tris-HC1 
buffer was 9 : 1 (v/v)).  Absorption spectra of both 
suspensions contained a large amount of scattering 
background. 

Fluorescence analyses. Suspensions of outer 
membrane and cytoplasmic membrane were di- 
luted with 50 mM Tris-HCl buffer (pH 7.8) to the 
appropriate concentrations of tryptophan for fluo- 
rescence analyses. The stock solution of A23187 
was prepared by dissolving the ionophore in 
ethanol (1 .10  -3 M) and a small amount of the 
stock solution was added to the membrane suspen- 
sion (not exceeding 1/200 of the suspension 
volumes). Fluorescence emission spectra were ob- 

tained using a Hitachi 650-60 Fluorescence Spec- 
trophotometer and a 1 cm square cell (excitation 
wave length 270 nm, both slit widths of excitation 
and emission; 10 nm). When the content of A23187 
in the membrane suspension was gradually in- 
creased, the tryptophan emission at 330 nm de- 
creased, whereas the emission of A23187 at 430 
nm increased. Emission and excitation spectra were 
automatically corrected using Rhodamine-B solu- 
tion. 

Results 

Optical observation of outer and cytoplasmic mem- 
branes 

For light scattering by the suspensions of outer 
and cytoplasmic membranes, absorption spectra of 
the suspensions increased steeply at shouter wave 
length and there was a clear shoulder at 270 nm. 
This corresponded to absorption of the membrane 
protein (tryptophan), as shown in Fig. 1. When 
membrane suspensions were excited at a 270 nm, 
strong fluorescence was observed at 330 nm tailing 
to 300 nm. Though a tyrosine fluorescence should 
appear to wavelength 300 nm, the main emission 
at 300 nm is the tryptophan tail and the tyrosine 
emission would be negligible. Excitation spectra 
(emission; 330 rim) of both membrane suspensions 
coincided with the tryptophan absorption spec- 
trum. 

A bsorption and fluorescence of A 23187 
Ionophore, A23187, in ethanol/50 mM Tris- 

HC1 buffer (pH 7.8) solution had three main ultra- 
violet absorption spectra at 230, 300 and 370 nm, 
in the presence of Ca 2+. The absorbance at 270 
nm of A23187 (10-6M in ethanol) was less than 
0.02. The fluorescence of this ionophore was ob- 
served at 430 nm, and the excitation spectra coin- 
cided with its three absorption band spectra. 

Fluorescence energy transfer 
When both membrane suspensions in the ab- 

sence of calcium ionophore A23187 were excited 
at 270 nm, only tryptophan fluorescence was ob- 
served, while, in the presence of A23187, 
tryptophan fluorescence at 330 nm decreased and 
the ionophore fluorescence appeared at 430 nm. 
With increase in the ionophore concentrations in 
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Fig, 1. Schematic representation of the relation between absorption and fluorescence spectra (in arbitrary unit). 
absorption spectrum of A23187, 10 5 M in ethanol/50 mM Tris-HCl buffer (pH 7.8) solution in the presence of Ca 2+ (the ratio of 
ethanol to Tris-HC1 buffer was 9 : 1 (v/v)), - . . . . .  ; absorption spectrum of isolated outer membrane in 50 mM Tris-HCl buffer, - -  - 
- - - ;  fluorescence spectrum of tryptophan of membrane proteins in the suspension of outer membrane, - - ' - - - - ;  fluorescence 
spectrum of A23187 added to the suspension of outer membrane (excitation, 375 nm). Shadowed area is the overlap between 

fluorescence of tryptophan and absorption of A23187 (almost equal to the excitation spectrum of A23187). 

Fig. 2. Fluorescence spectra of the suspension of cytoplasmic membranes in 50 mM Tris-HCl buffer (pH 7.8) in the absence of NaCI. 
The concentration of ionophore A23187 (/~M) was increased step by step as shown in this figure. Excitation wavelength; 270 nm. 
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each membrane suspension, the intensity of tryp- 
tophan fluorescence at 330 nm decreased, while 
the intensity of ionophore fluorescence at 430 nm 
increased, as shown in Fig. 2. The relation between 
the decrease of tryptophan fluorescence and the 
increase of ionophore fluorescence is shown in 
Figs. 3 and 4. In the absence of Ca 2÷ in both 
suspensions, fluorescence intensities at 430 nm 
(excitation, 270 nm) were at first in proportion to 
the concentration of A23187 and then gradually 
increased with direct excitation of absorption of 
A23187 itself at 270 nm. Irrespective of the pres- 
ence of Ca 2+, the increasing rate of the fluores- 

Fig. 3. Relation between fluorescence intensity (excitation; 270 
nm, emission; 430 nm) and concentration of A23187 in the 
suspensions of both isolated membranes. Buffer: 50 mM Tris- 
HCI (pH 7.8), closed and open symbols present values of outer 
and cytoplasmic membranes and triangles and circles represent 
values in the presence of 2 mM Ca 2÷ and in the absence of 
Ca 2÷ , respectively, in this and the subsequent figure. 
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Fig. 4. Relation between fluorescence intensities of A23187 at 430 nm and of tryptophan at 330 nm. (a) Without C a  2+ , (b) with 2 m M  

C a  2+.  A t  the most, 45% and 65% tryptophan residues in outer and cytoplasmic membrane proteins can transfer their fluorescence 
energy to A23187, respectively. Both ordinate and abscissa units are the same as the ordinate unit in Fig. 3. 

cence intensities at 430 nm with increasing con- 
centrations of A23187 was reduced to the rate of  
the direct excitation of A23187 at 270 nm (Fig. 3). 
The relation between increase of fluorescence in- 
tensity at 430 nm and decrease of fluorescence 
intensity at 330 nm is shown in Fig. 4. Fluores- 
cence (430 nm)-temperature curves obtained at the 
elevating temperature all but coincided with the 
curves obtained at the reducing temperature (data 
not shown). With suspensions of outer and cyto- 
plasmic membranes, the plots of  logarithm of fluo- 
rescence intensity to reciprocal of absolute temper- 
ature were all compared of two straight lines with 
a breakpoint (Fig. 5). The temperature at these 
breakpoints was much the same as the phase tran- 
sition temperature and also the same as the growth 
temperature of this bacterium [12-15]. 

Discussion 

Calcium ionophore A23187 contains two chro- 
m o p h o r e s ,  ketopyrrole  and 4-carboxy,  5- 
aminomethylbenzoxazole.  The absorption band of 
the former is located at a wavelength of 200-250 
nm, whereas the latter is found at 200-400 nm. 
The presence of inner filter effects can be ruled 

CH 3 

A 2 3 1 8 7  
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Fig. 5. Variation of fluorescence intensity at 430 nm by reduc- 
ing and elevating the temperature. Ordinate: logarithm of 
fluorescence intensity; abscissa: reciprocal of temperature (ab- 
solute temperature). Uncrossed and crossed symbols represent 
the curves on reducing and elevating temperature, and open 
and closed circles represent the curves of outer and cytoplasmic 
membranes, respectively. Membrane suspensions represented 
by open and closed circles contained no NaCI, whereas the 
outer membrane suspension (open crossed and uncrossed trian- 
gles) contained 2 M NaCI. 

out as the absorbance at 270 nm of 10 - 6  M 
A23187 was less than 0.02 though the slope in Fig. 
3 becomes concave downward with increasing con- 
centrations of A23187. Moreover, the fluorescence 
of tryptophan did not decrease below the lower 
limits, as shown in Fig. 4, and all the fluorescence 
spectra in Fig. 2 intersect at a point at 390 nm just 
like an isosbestic point. On carrying out the same 
experiment on the suspension of intact cells of this 
bacterium we observed only a little fluorescence 
decrease at 330 nm but observed rapid increase at 
430 nm (Fig. 6). Thus, A23187 scarcely entered in 
the membranes of intact cells of this bacterium 
and the fluorescence energy transfer was not ob- 
served between proteins of intact cell membranes 
and A23187. 

Assuming that the geometrical arrangement of 
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Fig. 6. Fluorescence spectra of the suspension of intact cells of 
this bacterium in 50 mM Tris-HCl buffer (pH 7.8), containing 
2 M NaCI. A23187 was increased from 0 to 2/zM as shown in 
this figure. Excitation: 270 nm. See legend of Fig. 2. 

two chromophores, tryptophan and benzoxazole, 
is perfectly random, the critical distance, R0, of 
excitation energy transfer between them is given 
by the FOrster equation [17]: 

R6 3000 In 10 f }4 d~ (1) 
32 rr6tt 4N 

where n, N and ~ are the refractive index of the 
medium, Avogadro's number and wave number, 
respectively, and F(~) and c(~) are the normalized 
fluorescence energy distribution and the molar 
extinction coefficient at wave number ~, respec- 
tively. (R 0 is the critical transfer distance for 
which excitation transfer and spontaneous deacti- 
vation of sensitizer are of equal probability.) The 
critical distance, R0, between tryptophan and ben- 
zoxazole of A23187 calculated by this equation is 
52 A, a distance probably too far to directly bind 
A23187 to the membrane protein. As shown in 
Fig. 4, though the fluorescence intensity of A23187 
at 430 nm increases upto an unlimited extent with 
increase in the concentration of A23187 in both 
membrane suspensions, tryptophan fluorescence 
intensity at 330 nm did not decrease below a 
certain proportion, that is, only 65% of tryptophan 
in cytoplasmic membrane and 45% of tryptophan 
in outer membrane can transfer the excitation 
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energy to A23187, regardless of whether or not  the 
suspensions contain Ca 2+. 

Though both quan tum yields of t ryptophan flu- 
orescence and benzoxazole fluorescence are gener- 
ally about  20%, the quan tum yields of  this excita- 
tion energy transfer would be close to 100% be- 
cause the decrease of t ryptophan fluorescence is 
almost  equal to the increase of A23187 fluo- 
rescence (initial angle is almost 45 ° in Fig. 4), 
while the fluorescence increase at 430 nm contains 
the intrinsic fluorescence of  A23187 excited di- 
rectly at 270 nm of the higher excited state of 
A23187. If  after the emission of  t ryptophan this 
fluorescence were firstly absorbed by A23187 and 
then A23187 emitted its fluorescence, then the 
quan tum yield of  A23187 fluorescence would not 
be 100% but rather 20%. Thus, FOrster's energy 
transfer must  be accomplished without  emission of 
the t ryptophan 's  fluorescence. The quan tum yield 
of  the emission of  A23187 (430 nm) on exciting 
t ryptophan at 270 nm would depend solely on the 
quenching of  radiationless transition at the excited 
state of t ryptophan.  Accordingly,  the step of  fluo- 
rescence energy transfer is scarcely affected by 
temperature.  With decreasing tempeorature,  the 
fluorescence intensity at 430 nm increased gradu- 
ally, as shown in Fig. 5. There is a clear breakpoint  
at the temperature a round the growth temperature 
of  this bacterium. Here, the membrane  proteins 
would change from liquid to solid like the mem- 
brane lipid bilayers of  this bacterium [12-15]. The 
slope for the liquid state in Fig. 5 is steeper than 
the slope for the solid state, that is, the activation 
energy of radiationless transition in the liquid state 
would be larger than that in the solid state. 

The coupling energy between t ryptophan and 
A23187 is weak and the critical distance of the 
energy transfer is about  52 A. Therefore, the 

calcium ionophore  A23187 would t ransport  
calcium ions without disturbance of membrane  
proteins in the form of a electrically neutral com- 
plex of two ionophores and one calcium ion 
through the membrane  lipid bilayers. 
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