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Summary. Fluorescence of 1-anilinonaphthalene-8-sulfonate in 
yeast membranes appears to be caused predominantly by binding 
to lipids (ANSprotein:ANSlipid~ l :20) as indicated by the fluores- 
cence lifetime, degree of polarization, and excitation spectra. It 
was insensitive to short-circuiting the membrane potential. Fluores- 
cence intensity increased as cells (especially after pretreatment with 
energy donors such as glucose) were exposed to some amino acids, 
in particular, aspartic and glutamic acids. The character of fluores- 
cence shifted to that of protein-bound ANS, suggesting an exposure 
of new protein sites accessible to the probe. This shift could be 
prevented by inhibitors of energy transduction as well as of trans- 
port. The K1/2 of the shift was at 2.5 mM aspartic acid. 
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Introduction 

A m i n o  ac id  t r a n s p o r t  in  b a k e r ' s  yeas t ,  a n  ac t ive ,  

p r a c t i c a l l y  u n i d i r e c t i o n a l  p r o c e s s  (e.g., K o t y k  & tsd- 

hovfi ,  1972) h a s  b e e n  s h o w n  to  b e  a c c o m p a n i e d  b y  

sh i f t s  o f  p r o t o n s ,  a n d  in o p p o s i t e  d i r e c t i o n ,  o f  p o t a s s i -  

u m  ions ,  a t  w ide ly  r a n g i n g  s t o i c h i o m e t r i e s  (e.g.,  E d d y ,  

1978). A s  t he  u se  o f  p H  d i f f e r e n c e  f o r  d r i v i n g  s e c o n d -  

a r y  t r a n s p o r t s  p r a c t i c a l l y  a l w a y s  h a s  d e p o l a r i z a t i o n  

o f  t h e  m e m b r a n e  as  i ts  c o r o l l a r y ,  i t  w as  t h o u g h t  t h a t  

a f l u o r e s c e n c e  p r o b e  t h a t  h a s  b e e n  r e p o r t e d  as  r e s p o n -  

sive to  m e m b r a n e  e n e r g i z a t i o n  m i g h t  s h e d  n e w  l igh t  

o n  t h e  ro le  o f  t he  m e m b r a n e  p o t e n t i a l  in  a m i n o  ac id  

t r a n s p o r t  b y  b a k e r ' s  yeas t .  I n  fac t ,  s o m e  s t r i k i n g  f luo-  

r e s c e n c e  c h a n g e s  w e r e  o b t a i n e d ,  b u t  t h e i r  i n t e r p r e t a -  

t i o n  is b y  n o  m e a n s  u n e q u i v o c a l .  

Materials and Methods 

Microorganism and its Cultivation 

Saccharomyces cerevisiae K isolated from distillery yeast was used 
throughout (Kotyk, Ponec & t~ihovfi, 197I). It was grown in a 
mineral medium with glucose and yeast extract at 30 ~ for 20 hr. 
The opl mutant, lacking the ADP-ATP transport protein of mito- 
chondria, was a kind gift from Dr. J. Subik of the Research Insti- 

tute of Distilleries and Canning in Bratislava. It was grown in 
the same medium as above. 

Reagents 

1-Anilinonaphthalene-8-sulfonate (ANS) was a potassium salt from 
Sigma (USA), 3-chlorophenylhydrazonomalononitrile (CCCP) and 
4-(trifluoromethoxy)phenylhydrazonomalononitrile (FCCP) were 
from Calbiochem (Switzerland), valinomycin and the potassium 
salt of 2-toluidinonaphthalene-6-sulfonate (TNS) were from Serva 
(FRG), N-phenyl-c~-naphthylamine (NPN) was from ICN Pharma- 
ceuticals (USA), 1,6-diphenyl-l,3,5-hexatriene (DPH) was from 
Fluka (Switzerland); all other chemicals, including the amino acids, 
were from Lachema (Czechoslovakia). 

Liposomes were prepared by squirting an ethanolic solution 
of highly purified egg-yolk lecithin (after Singleton, Gray, Brown 
& White, 1965; 0.02mg/ml) into physiological saline (Batzri & 
Korn, 1973). Human serum albumin was from Radioisotope Pro- 
duction and Distribution Centre (USA), bovine serum albumin 
from Koch-Light (UK). 

Fluorescence Measurements 

Washed cells diluted in distilled water to a density of approximately 
20 per nl were stained with ANS (final concentration 50 gM) and 
placed in an aerated thermostatic 2-ml cuvette with a diameter 
of 13 mm. The measurement itself was done in a right-angle ar- 
rangement. A high pressure 200-W mercury lamp HBO 200 (wave- 
length 365 nm) or 500-W xenon lamp XBO 500 (excitation spectra), 
both from Narva (GDR), in connection with a grating monochro- 
mator (MONOSPEC 600, Hilger & Watts, UK) were used as the 
excitation light source with a bandwidth of 2 nm. The spectral 
purity of the excitation light was further improved by inserting 
interference filters (Optice Technology, USA). The emission was 
analyzed by means of a triple quartz prism spectrograph (Steinheil 
GH, BRD) connected to an EMI 6256 S photomultiplier and pho- 
ton-counting apparatus (Photometric readout system PC 1, Spex, 
USA). Dichroic polarizers (Polacoat, USA) were employed for 
polarization measurements. The emission spectra were fully cor- 
rected for the spectral responses of both monochromator and the 
photomultiplier; likewise, all necessary corrections of polarization 
measurements were made (Parker, 1968). The quantum yield is 
expressed relative to that of ANS in ethanol, taking an average 
value from literature references 0.38 (Slavik, 1982). To assess quan- 
titatively the intensity of excitation energy transfer from protein 
to ANS, we employed the fluorescence intensity increase in the 
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Table 1. Fluorescence of free and bound ANS 
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Property Units Free Bound to 

Lecithin Albumin Escherichia 
liposomes coli 

Spectral maximum nm 
eV 

Spectral band width eV 
Quantum yield 
Lifetime (mean) nsec 
Degree of polarization 
Polarization anisotropy 
Intensity of excitation energy transfer b Relative units 
Rotational relaxation time b nsec 

516 490 480 490 
2.40 2.53 2.58 2.53 
0.38 0.45 0.44 0.45 
0.005 0.4 0.9 - 
0.6 5.6 a 16 5.4 
0.01 0.15 0.30 0.25 
0.01 0.11 0.22 0.18 
1.4 1.8 3.5 1.9 
0.1 9 100 21 

a Exponential decay 
b cf Material and methods. 

emission maximum on shifting excitation wavelength from 365 
to 275 nm (Wallach et aI., 1970). The rotational relaxation time 
p was calculated formally from Perrin's equation (lip 1/3) = (1/po- 
1/3) (1- 3 z/p) using the known lifetime ~ and the degree of polariza- 
tion p; Po was taken as 0.43 (Slavik, 1982). 

Results 

Fluorescence of  Yeast Cells and A N S  

The var ious  f luorescence pa rame te r s  of  A N S  were 
first tested with o rd ina ry  ae ra ted  yeast  and  c o m p a r e d  
with A N S  f luorescence of  leci thin l iposomes,  an aque-  
ous so lu t ion  of  a lbumin  and  prev ious ly  invest igated 
Escherichia coli 15 T A U  (Slavik & Vondrejs ,  1981) 
(Table  1). 

F luorescence  o f  yeas t  ceils a lone  (when excited 
at  365 nm wi thou t  ANS)  was very weak wi thou t  a 
p r o n o u n c e d  m a x i m u m  (cf Fig. 3), the l ifetime being 
4.9 nsec. Af te r  add i t i on  o f  A N S  the intensi ty  rose 
steeply within a few seconds and r ema ined  cons tan t  
for  up to several  hours.  The cons tancy  was also pre- 
served in the f luorescence spectrum. The rise o f  fluo- 
rescence intensi ty  thus appears  to be a one-s tep  pro-  
cess. The  f luorescence decay was app rox ima te ly  expo-  
nent ia l ;  a deta i led  deconvo lu t ion  analysis  revealed 
a ma jo r  c o m p o n e n t  with z ~ 5  nsec and a m i n o r  (less 
than  5% of  to ta l  f luorescence intensity)  c o m p o n e n t  
with z ~ 1 3  nsec (Slavik & Razj ivin,  1978). The con- 
cen t ra t ion  dependence  o f  the mean  f luorescence life- 
t ime observed  in a phase  f luor imeter  indicates  the 
same course of  sa tu ra t ion  o f  b ind ing  sites with A N S  
molecules  in yeast  cells and  in leci thin l iposomes  
(Fig. 1). 

The f luorescence intensi ty was prac t ica l ly  indepen-  
dent  of  t empera tu re  between 25 and 35 ~ (a change  
of  less than  3%). A d d i t i o n  of  10 lXM F C C P  or 0.25 ~tM 
va l inomycin  had  no observable  effect on f luorescence 
intensity.  
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Fig. 1. Dependence of the mean fluorescence lifetime ~ in nsec 
(phase-shift method) of ANS bound to yeast cells (solid line, filled 
circles) and to lecithin liposomes (broken line, open circles) on 
the relative ANS concentration (per cell or lipid) in arbitrary units 
(ANSreI) 

Fluorescence Changes Induced 
by Amino Acid Transport 

A d d i t i o n  of  amino  acids  to a yeast  p re incuba ted  in 
water  had  a minor  effect on f luorescence intensity,  
the only except ion being observed  with aspar t ic  and  
g lu tamic  acids. This might  be connec ted  to a p H  
effect on A N S  m e m b r a n e  f luorescence (cf. Discus-  
sion). However ,  when the cells had  been p re incuba t ed  
for 1 hr  wi th  1% glucose or  a s imilar  sugar- type  
source of  energy there were some str iking changes 
in f luorescence intensi ty  observed  (Table  2). The in- 
crease observed  after add i t i on  of  L-aspar t ic  or L-glu- 
tamic  acid was not  ins tan taneous  but  was comple ted  
in only 20 rain (Fig. 2) and  it involved  a shift in the 
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Table 2. Relative changes in fluorescence intensity of ANS bound 
to yeast cells ~ 

Glutamic acid 3.8 Cysteine 0.9 
Aspartic acid 3.8 Isoleucine 0.9 
Histidine I. 5 Leucine 0.9 
Valine 1.4 Tyrosine 0.9 
Lysine 1.2 Phenylalanine 0.9 
Methionine 1.0 Glycine 0.9 
Glutamine 1.0 Serine 0.9 
Asparagine 1.0 Threonine 0.9 
Arginine 1.0 Tryptophan 0.8 
2-Aminoisobutyric acid 0.9 Alanine 0.8 

a Measured 5 rain after addition of 4 mM amino acid ([,-form where 
applicable). 
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Fig. 2. Dependence of fluorescence intensity I~ (measured at spec- 
tral maximum) of ANS bound to yeast cells after addition of 
4 mM aspartic acid, in relative units, on time t in rain 

emi s s ion  m a x i m u m  (Fig.  3) a n d  s o m e  o t h e r  f luores -  

cence  p a r a m e t e r s  (Tab le  3). T h e  d e c o n v o l u t i o n  ana ly -  

sis o f  f l uo re scence  decay  cu rve  r evea l ed  a m a r k e d  

inc rease  o f  the  c o m p o n e n t  w i th  ~ ~ 14 nsec. 

T h e  f l uo re scence  in tens i ty  s t i m u l a t i o n  was  c o n c e n -  

t r a t i o n - d e p e n d e n t  w i th  a h a l f - s a t u r a t i o n  c o n s t a n t  o f  
a b o u t  2.5 m u  (close to  the  K r  o f  t r a n s p o r t  o f  a spa r t i c  

ac id  by s t a t i o n a r y  yeas t  cells). I t  was  a p p a r e n t l y  an  

ac t ive ly  g e n e r a t e d  p roces s :  1 mM s o d i u m  azide,  

0.1 mM u r a n y l  n i t r a t e  a n d  10 gM C C C P  h a d  a p ro -  

n o u n c e d  (wi th  u r a n y l  n i t r a t e  100%)  b l o c k i n g  effect  

on  the  increase .  

S o m e w h a t  u n e x p e c t e d l y ,  1 mM N - e t h y l m a l e i m i d e  

a n d  2 mM s o d i u m  f luo r ide  in fact  s t i m u l a t e d  the  in ten-  

sity increase .  T h e  p r e sence  o f  5 mM N a 2 S O 4  or  5 mM 

N a 2 S O 3  caused  a b o u t  3 0 %  dec rease  o f  the  a spa r t i c  
ac id  f l u o r e s c e n c e  e n h a n c e m e n t .  

Cells  o f  the  o p l  m u t a n t  r e s p o n d e d  wi th  a b o u t  

3 0 %  in tens i ty  inc rease  as c o m p a r e d  to  the  w i l d - t y p e  
s t ra in  ; the  b l o c k i n g  effect  o f  i nh ib i t o r s  was the  s a m e  
in b o t h  strains.  

T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  the  a spa r t i c  ac id  
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Fig. 3. The fluorescence spectrum of yeast cells alone (excitation 
wavelength 365 nm) (curve 1), after addition of 50 gM ANS 
(curve 2), 20 min after further addition of 4 mM aspartic acid (curve 
3), expressed as quanta per unit energy interval against energy 
(E, in eV), in relative units (IF). For clarity, the corresponding 
wavelengths are shown on the upper abscissa 

Table 3. Fluorescence of ANS bound to yeast cells 

Property Units Control After addition of 

4 mM 1 mM 
aspartic hydro- 
acid" chloric 

acid u 

Spectral maximum nm 500 481 490 

Spectral maximum eV 2.48 2.58 2.53 

Spectral bandwidth eV 0.43 0.47 0.45 

Intensity Relative 1 4 3.5 
units 

Lifetime (mean) nsec 5.2 ~ 8 d 5.2 c 

Degree of polarization - 0.15 0.23 0.10 

Polarization anisotropy - 0.11 0.17 0.07 

Intensity of excitation Relative 2.0 3.8 1.7 
energy transfer e units 

Rotational nsec 9 25 5 
relaxation time ~ 

a pH attained was 3.3 
b pH attained was 3.2 
~ exponential decay 
a average value from two exponentially decaying components 
e c f  Materials and Methods. 

effect  was  l i t t le p r o n o u n c e d  b e t w e e n  5 a n d  22 ~ 

the  size o f  the  effect  r e p r e s e n t i n g  s o m e  3 0 - 5 0 %  o f  
tha t  at  30 ~ 

Since  it was  s t r ik ing  tha t  the  ac id ic  a m i n o  acids  

s h o w e d  the  h ighes t  effect  a n d  since A N S  b i n d i n g  to 
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cell membranes was known to be pH-dependent 
(Freedman & Radda, 1969; Vanderkooi & Martono- 
si, i969; Feinstein, Spero & FelsenfeId, 1970; Gom- 
perts, Lantelme & Stock, 1970; Hasselbach & Heim- 
berg, 1970; Flanagan & Hesketh, 1973), several other 
acids were tested in this respect. Succinic, fumaric, 
aconitic, 2-oxoglutamic, citric, malonic as well as hy- 
drochloric acid itself caused in fact similar and even 
greater increases of fluorescence intensity than the 
amino acids. However, the "lipid' '  character of the 
binding (particularly fluorescence lifetime) remained 
unaltered (Table 3). 

Discussion 

Judging from fluorescence microscopy of ANS-ex- 
posed yeast cells, the probe is not transported into 
the cells but remains predominantly bound on the 
cell surface (ring-like appearance of cells). The bind- 
ing of ANS is, in principle, caused by two types of 
affinity, one for membrane proteins, the other for 
membrane lipids (e.g., Zierler & Rogus, 1978). The 
lipid binding shows a relatively low selectivity, all 
lecithins and sphingomyelins being active in this re- 
spect (Feinstein et al., 1970), choline being required 
for the binding (Eling & Di Augustine, 1971 ; Haynes 
& Staerk, 1974). Hence as a model of ANS binding 
to membrane lipids one may conveniently use lecithin 
liposomes. The protein binding is reportedly caused 
by a specific, highly polar, binding site at the protein 
surface (Radda & Vanderkooi, 1972; Weber, Tu- 
linsky, Johnson & E1-Bayoumi, 1979). The affinity 
of ANS for proteins is greater than that for lipids 
(Trfiuble & Overath, 1973; Zierler & Rogus, 1978). 
The blue spectral shift and the high quantum yield 
in the case of protein-bound ANS are not due to 
hydrophobicity of the binding site but rather to the 
low mobility of the polar groups near the probe with 
which it interacts more strongly in the excited state. 
These groups ['~ dipoles" (Brand & Gohlke, 
1972)] prevent rapid relaxation while the excited state 
of ANS persists. Therefore, being water-soluble, albu- 
min appears to be as good a model as any with regard 
to ANS binding to proteins (Slavik, 1982). 

The character of ANS fluorescence in yeast mem- 
branes before addition of aspartic or glutamic acid 
(particularly its decay, excitation spectrum and degree 
of polarization) indicates that we are dealing here 
with binding to lipids (cf. Table 1 and Fig. 1). Minor 
differences may well be explained as influence of er- 
gosterol in yeast membranes on ANS binding. The 
fraction bound to membrane proteins may be assessed 
to represent about 3% of total membrane-bound 
ANS (respecting lower quantum yield of lipid-bound 
ANS with respect to that of protein-bound ANS). 
Proceeding from analogies with Escherichia coli (cf. 

Table 1), from the assumption that a protein molecule 
is surrounded by roughly 600 lipid molecules in the 
membrane (Tr~ubIe & Overath, 1973) and from the 
estimate of 1 3 binding sites for ANS per average 
protein molecule and about 5-20 sites per 100 average 
lipid molecules (Sackmann & Trfiuble, 1972; Radda 
& Smith, 1973), we arrive at a ratio of ANSprotein/ 
ANglipi d equal to 1 : 10-  1 : 100. Our results with yeast 
lie within this range, at about 1:20. 

When discussing the effect of adding aspartic acid 
on ANS fluorescence, the role of lowering the pH 
must be carefully examined. This is known to increase 
the number of membrane lipid-bound ANS mole- 
cules, the effect of pH decrease on ANS fluorescence 
of yeast cells being similar to that of liposomes. The 
fluorescence of ANS bound to albumin is pH-inde- 
pendent until the denaturation limit is reached. The 
interaction of ANS with biological membranes, in- 
cluding the pH effects, is thoroughly discussed in a 
separate review (Slavik, 1982). 

There is no doubt that fluorescence is enhanced 
by lowering the pH through addition of aspartic acid. 
However, as compared with the addition of hydro- 
chloric acid (thought to be essentially involved only 
in decreasing the pH) other fluorescence parameters 
change in the opposite way after addition of aspartic 
acid (@ Table 3). The mean fluorescence lifetime (an 
intensification of the slowly decaying component with 

~ 13-15 nsec), an increase of fluorescence polariza- 
tion, an increase of excitation energy transfer from 
proteins to ANS, and a powerful rise of the rotational 
relaxation time suggest that irl the case of aspartic 
acid addition we are dealing with an augmentation 
of the ANS-binding sites on proteins. This type of 
fluorescence gradually predominates. The greatest in- 
crease of fluorescence intensity is observed at lower 
ANS concentration (about 10-20 g~) which again is 
characteristic for protein binding sites: greater bind- 
ing affinity, lower number of binding sites in compari- 
son to lipid binding sites (Trfiuble & Overath, 1973; 
Zierler & Rogus, 1978). One may assess the number 
of newly exposed protein binding sites as 108 per 
cell, which corresponds to 1 site per about 10-20 nm 2. 

The character of these newly exposed binding sites 
is further confirmed by using other fluorescence 
probes. N-Phenylnaphthylamine (NPN) - a derivative 
of ANS without the charged sulfonate group - and 
1,6-diphenyl- 1,3,5-hexatriene (DPH), neither of which 
shows appreciable affinity for proteins, displayed no 
fluorescence change on adding aspartic or glutamic 
acid to yeast cells. 2-Toluidinonaphthalene-6-sulfon- 
ate (TNS), on the other hand, behaved similarly to 
ANS as it binds to both lipids and proteins. 

There remain several problems to be solved. The 
rate at which the ANS-binding sites are exposed on 
adding aspartic or glutamic acid is very slow (cf. 
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Fig. 2) to be simply due to a carrier reorientation. 
Judging from the maximum rates of transport (e.g., 
Kotyk et al., 1971) and the estimated density of carri- 
er sites (e.g., Opekarovfi, Kotyk, Horfik & Kholoden- 
ko, 1975), one arrives at carrier turnover time of 
about 0.1 msec. It rather resembles a situation where 
transinhibition of amino acid transport begins to oc- 
cur, this having a pronounced effect on carrier behav- 
ior in membranes (Hor/tk & Kotyk, 1977). This would 
then lead to a further question, viz., why the effect 
should be observed only with aspartic and glutamic 
acid if other amino acids, particularly lysine, cause 
much more powerful transinhibition (Horfik, Kotyk 
& l~ihovfi, 1977). A plausible explanation of this 
problem might be connected with the observation (cf. 
competition by sulfate anions) that ANS binds prefer- 
entially to anion-binding sites in a membrane (Fortes 
& Hoffman, 1974; Levinson & Villereal, 1975; Ca- 
bantchik, Knauf & Rothstein, 1978). 

Be it as it may, ANS fluorescence provided an 
unexpected means of detecting the exposure of new 
binding sites that appears to be characteristic for some 
active transport processes in yeast. 
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