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Summary 

Thylakoids isolated from spinach (Spinacia oleracea L.) bind only a small 
fraction of neutral red in the dark whereas they accumulate large amounts of 
the protonated dye in their inner space under light. Light-induced neutral red 
uptake depends on the size of the proton gradient across the thylakoid mem- 
brane but does not follow the mechanism established for amines. Instead, the 
correlation between pH gradient and neutral red uptake can be predicted quan- 
titatively assuming that protonated neutral red is accumulated mainly as dimer 
species. 

Under appropriate conditions, accumulation of protonated neutral red in the 
inner thylakoid space is proportional to an absorbance increase at 520 nm. 
This 520-nm change can be used for the continuous measurement of pH 
changes in thylakoids during steady-state illumination. 

Introduction 

The vital stain neutral red is taken up rapidly by cells and accumulates in 
large amounts in vacuoles [1] and lysosomes [2]. Binding of neutral red has 
been observed for mitochondria and submitochondrial particles [3] where it 
is markedly enhanced under conditions of energization. According to Lynn 
[4], chloroplasts also bind neutral red and in the presence of the dye exhibit a 
light-induced absorbance change typical for neutral red protonation. Therefore 
Lynn suggested that neutral red is an indicator for the internal acidification of 
thylakoids. 

* Present address: Institut ffir Chemische Pflanzenphysiologie ,  Universit~/t Tfibingen, D-7400 Titbingen, 
G.F.R. 

Abbreviations: HEPES, N-2-hydroxyethylpiperazine-N'-3-propanesulphonic acid; DCMU, 3-(3,4-dichloro- 
phenyl)-1,1-dimethylurea. 



266 

Ausl~inder und Junge [5] and Junge et al. [6] used absorbance changes due 
to neutral red protonat ion as a sensitive probe for small pH differences in the 
internal phase of  thylakoids excited by single turnover flashes. Pick and Avron 
[7] applied this technique for measuring pH changes during steady-state illumi- 
nation. These authors concluded that under steady-state conditions neutral red 
is not  appropriate for quantitative measurements of ApH in thylakoids. Their 
conclusion was based on observations suggesting that  changes in neutral-red 
absorbance reflect mainly binding of  the dye to the inner side of  the thylakoid 
membrane,  and furthermore,  that  absorbance of  the internally protonated 
neutral red is partially masked. 

In this paper it will be shown that thylakoids which bind only a small frac- 
tion of  the neutral red in the dark, accumulate large amounts of  the dye in 
their inner space under light. This uptake of neutral red can be understood 
assuming that the protonated dye is accumulated mainly as dimer species, a 
hypothesis that  may explain neutral red accumulation also in other  acidic com- 
partments of the cell. 

Materials and Methods 

Spinach (Spinacia oleracea L., vat. Monopa) was grown in a growth chamber 
under a daily regime of  10 h illumination with white light at 3 mW • cm -2 and 
22°C followed by 14 h darkness and 16°C. For chloroplast isolation, 15 g of  
spinach leaves were homogenized at 2°C for 10 s in a 1-1 Braun blendor 
together with 100 ml of  the isolation medium (300 mM NaC1, 50 mM Tricine, 
0.5 mM EDTA, 3 mM MgCI2; adjusted to pH 7.8 with NaOH) according to [8],  
filtered through a layer of  36-tim monofi lament  nylon cloth and centrifuged 
for 1 min at 1500 ×g .  The sediment was resuspended in wash medium 
(300 mM sorbitol,  10 mM NaC1, 50 mM HEPES, 0.1% bovine serum albumin; 
adjusted to pH 7.2 with NaOH), centrifuged again for 1 min at 1500 × g, and 
suspended in a small volume of wash medium to yield a chlorophyll  concentra- 
tion of  approx. 1.5 mg/ml. This concentrated suspension was kept  on ice until 
used, but  not  longer than 3 h. According to Hall [9],  the chloroplasts obtained 
by  this procedure belonged to type  C, e.g. naked thylakoids,  which was con- 
firmed by the ferricyanide method [10].  

Neutral red and 9-aminoacridine uptake were measured by  incubating 
chloroplast suspensions together with these compounds  (6 ml) in glass tubes 
and pelleting them in the swing-out rotor  of  a Heraeus-Christ refrigerated mini- 
fuge (Type 3906). (Glass tubes were prefered to the polyethylene 0.4-ml micro- 
tubes of  the Beckman 152 microfuge of ten used for similar studies, since in 
case of  low neutral red concentrat ions the microtubes adsorbed a significant 
fraction of  the dye.) A 100 W lamp (Osram Krypton)  that  was placed directly 
above the rotor  allowed to illuminate the tubes during centrifugation. The 
samples were spun for 1 min at 30 × g followed by  5 min at 4000 × g; then the 
upper 2 ml of  the supernatant were immediately removed for absorbance 
measurements,  thus minimizing errors due to release of  compounds  from 
pelleted thylakoids.  Comparison of  the neutral red levels in the upper, middle 
and lower 2-ml fractions of  the supernatant showed that such release was 
indeed small: while the upper and middle fractions agreed in their neutral red 
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content, the lower fraction contained about 5% more neutral red. Neutral red 
absorbance was determined at the wavelength of its isosbestic point (472 nm), 
9-aminoacridine absorbance at the wavelength of its maximum (398 nm) and 
the absorbances were corrected for the small absorbance at these wavelengths 
(~5%) from membrane fragments remaining in the supernatant. Uptake of the 
compounds by the thylakoids was determined as % loss of absorbance at the 
indicated wavelengths in relation to the absorbance of controls without thyl- 
akoids. 

In order to illuminate thylakoid suspensions in the centrifuge with red light 
of variable intensities, acetate colour filters (Cinemoid No. 6 'primary red' 
plus No. 8 'deep salmon' in combination with up to 3 filters No. 60 'pale gray'; 
Rank Strand Electric, Braunschweig) were taped on top of the tube holders. 
Light intensity was measured in an arrangement with similar geometric proper- 
ties using an optometer 40 A (United Detector Technology, Calif.); the intensi- 
ties determined at the top and the bottom of the suspension were averaged, 
allowing for absorbance by the thylakoids. To keep the temperature in the 
suspensions at 22 + 1°C, heating by the lamp had to be balanced by cooling the 
centrifuge. 

Absorbance changes of thylakoid suspensions were determined at 22°C with 
a Perkin-Elmer Model 356 two-wavelength double-beam spectrophotometer 
using 3-ml cuvettes with an optical path of I cm. An opal-glass plate was placed 
directly behind the cuvettes and the photomultiplier was shielded from actinic 
light with a Coming filter CS 4-96. The reference cuvette remained in the dark, 
while the sample cuvette was illuminated with actinic light from a 100 W lamp 
(Osram Krypton) filtered through a heat filter (Schott) and either through the 
same combinations of acetate filters as used for the centrifugation experiments 
('red light' > 600 nm) or through a 653-nm interference filter (Schott). 

Electron transport was measured as oxygen uptake in the presence of methyl 
viologen with a Clark-type oxygen electrode (Rank Brothers, Bottisham); 
chorophyll concentration was determined according to Jeffrey et al. [ 11 ]. 

Inner thylakoid space was determined according to (Neuburger, M. and 
Douce, R., unpublished results). This method is based on the determination of 
[ 14 C] glucose-permeable and [ 3HI water-permeable spaces of the thylakoid sus- 
pension; after incubation with the labelled compounds the thylakoid suspen- 
sion is frozen in liquid nitrogen and 3H20 is separated from [lac]glucose and 
other residues by sublimation and condensation. The incubation mixtures con- 
tained 28 mM KC1, 10 mM HEPES/NaOH buffer at pH 7.0, 0.1% defatted 
bovine serum albumin, 0.6 mM [14C]glucose (106 dpm/ml), 3H20 {10 s dpm/ml) 
and thylakoids equivalent 200--600 #g chlorophyll per ml. The inner thylakoid 
space determined by this method for spinach chloroplasts was similar to values 
obtained by silicone layer-filtering centrifugation for lettuce chloroplasts [12]. 

Spectra of concentrated neutral red solutions (up to 2 mM} were measured 
in the Model 356 spectrophotometer using cuvettes with an optical path of 
1 mm. 

Nigericin was a gift of Ely Lilly. 
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Results 

1. The light-induced accumulation of neutral red in thylakoids 
Thyalkoids that  were illuminated in the presence of  neutral red bound up to 

80% of the dye,  whereas dark controls bound only about  10% (Fig. 1). While 
medium pH did not  affect the level of  dark-bound neutral red, the light- 
induced increase of  neutral red uptake was pH-dependent  with an opt imum 
near pH 7, and was completely inhibited by the uncoupler  nigericin. This result 
suggests that  the light-dependent uptake of neutral red required a pH-gradient 
across the thylakoid membrane.  

Fig. 2a shows that the uptake of  neutral red and of  the amine 9-aminoacri- 
dine by  illuminated thylakoids was similarely affected by  light intensity. This 
conformity,  however,  did not  indicate that  neutral red uptake followed the 
mechanism established for amines [13];  Fig. 2b {experimental data presented 
as ©) shows indeed that neutral red uptake occurred at ApH values that were 
approx. 1 pH unit smaller than expected for an amine with a pK a value similar 
to neutral red. 

Neutral-red uptake by  illuminated thylakoids was further studied under 
saturating light while varying the amount  of  thylakoids and, in consequence, 
the size of inner thylakoid space. Fig. 3a shows that  neutral red uptake, instead 
of  depending on the size of  inner thylakoid space more or less linearely as 
predicted by the amine mechanism, increased strongly for low amounts  of 
thylakoids before approaching a constant  level; it also shows that at any 
thylakoid level much more neutral red was taken up than predicted by the 
amine mechanism. Assuming that the neutral red taken up by  illuminated 
thylakoids was dissolved in the inner thylakoid space, the data of  Fig. 3a allow 
to calculate the concentration ratio of  neutral red inside and outside the thyl- 
akoids as presented in Fig. 3b. Contrary to predictions derived from the amine 
mechanism, the neutral red ratio was not  constant  for variable inner thylakoid 
space but  decreased for increasing amounts of thylakoids. 
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Fig. 1. T h e  e f f e c t  o f  m e d i u m  DH on  t h e  u p t a k e  o f  n e u t r a l  r e d  b y  t h e  t hy l ako ids  in the  da rk ,  in  t h e  l ight ,  
a n d  u n d e r  c o n d i t i o n s  of  l ight  p l u s  niger icin (nig).  T h e  r e a c t i o n  m i x t u r e s  c o n t a i n e d  28 m M  KC1, 10 m M  
s u c c i n a t e / N a O H  b u f f e r  a t  p H  5.2,  5.7 and  6.2,  or  H E P E S / N a O H  b u f f e r  a t  p H  6.8,  7.4,  and  7.8, 0 .1% 
d e f a t t e d  b o v i n e  s e r u m  a l b u m i n ,  5/~M n e u t r a l  r e d  a n d  t h y l a k o i d s  e q u i v a l e n t  t o  30  ~tg c h l o r o p h y l l  p e r  ml.  
Nigericin was  added  in e thano l i c  so lu t ion  a t  final c o n c e n t r a t i o n s  of  0.1 #M nigericin and  0.2% e thano l .  
A c t i n i c  w h i t e  l i g h t  w a s  at  3 m W •  c m  -2 . 
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Fig. 2. T he  e f fec t  of  l ight  in tens i ty  (a) and  l ight - induced p r o t o n  grad ien t  (b) on  the  u p t a k e  of  neu t ra l  
red  b y  thy lako ids .  T h e  r eac t ion  m i x t u r e s  c o n t a i n e d  28 m M  KC1, 10 m M  H E P E S / N a O H  b u f f e r  at  p H  7.0,  
0 .1% d e f a t t e d  bov ine  s e r u m  a lbumin ,  5 .5 p,M neu t r a l  red  or  9 -aminoac r id ine  (9 -AA)  and  t hy l ako ids  
equ iva len t  to 30 /~g ch lo rophy l l  pe r  ml.  (a) U p t a k e  of  neu t ra l  red  and  9-AA by thy lako ids  i l l umina ted  
wi th  red  l ight  ( > 6 0 0  n m )  o f  the  i nd i ca t ed  intensi t ies .  D i f fe ren t  sy mb o l s  r ep r e sen t  d i f f e r en t  t h y l ak o id  
p repa ra t ions .  (b)  C o m p a r i s o n  of  p H - d e p e n d e n t  u p t a k e  of  neu t ra l  red  an d  of  a h y p o t h e t i c a l  amin e  wi th  
the  s a m e  p K  a va lue  as neu t r a l  red .  The  e x p e r i m e n t a l  da t a  (o)  were  ob t a ined  f r o m  (a) by  ca lcula t ing  the  
ApH at  va r ious  l ight in tensi t ies  b y  m e a n s  of  the  9 -AA m e t h o d  [ 1 2 ] ,  and  b y  co r rec t ing  the  p e r c e n t a g e  of  
neu t r a l  red  u p t a k e  s h o w n  in (a) for  l i gh t -de pe nde n t  u p t a k e  on ly ,  t hus  e l imina t ing  the  a m o u n t  of  neu t r a l  
red  b o u n d  to the  m e m b r a n e s  in the  dark .  The  theore t i ca l  cu rve  for  the  ' d i m e r  m o d e l '  was  ca lcu la ted  f r o m  
Eqn.  6 of  A p p e n d i x  using pH o = 7.0,  p K  a = 6.8 [ 1 9 ] ,  K = 45 #M, [R T]  = 5 #M, and  V / v  = 1 0 0 0  based on 
an inne r  t hy l ako i d  space  o f  34 #l pe r  m g  ch lo rophy l l .  Using these values,  the  theore t i ca l  curve  for  the  
' a m i n e  m o d e l '  was  ca lcu la ted  f r o m  Eqn .  7. 

2. Correlation between light-induced neutral-red uptake and absorbance change 
As has been  r e p o r t e d  be fo re  [7 ] ,  thy lako ids  incuba ted  wi th  neut ra l  red 

exhib i t  an absorbance  change in the  light t ha t  is maximal  near  520 nm indicat-  
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Fig. 3. T he  e f fec t  of  t hy l a ko id  c o n c e n t r a t i o n  on  the  u p t a k e  o f  neu t r a l  red.  The  r eac t i on  m i x t u r e s  were  
the  s ame  as the  neu t r a l  r ed -con ta in ing  m i x t u r e  o f  Fig. 2, e x c e p t  fo r  ch lo rophy l l  c o n t e n t  wh ich  was  var ied  
as ind ica ted .  Act in ic  w h i t e  l ight  o f  s a tu ra t ing  in tens i ty  (3 m W •  e m  -2 )  was  used.  (a) Th e  u p t a k e  o f  neu t r a l  
red  by  var iable  a m o u n t s  of  t h y l a k o i d s  in Hght  a nd  da rk ,  in c o m p a r i s o n  to  the  u p t a k e  of  a h y p o t h e t i c a l  
amine  wi th  the  s ame  p K  a va lue  as neu t r a l  red.  Chl, ch lo rophy l l .  (b)  C o m p a r i s o n  o f  the  ra t ios  of  neu t r a l  
red  an d  am i ne  c o n c e n t r a t i o n s  inside and  ou ts ide  the  t hy l ako ids  u n d e r  cond i t ions  of  var iable  inner  thyl -  
ako id  space.  T he  e x p e r i m e n t a l  values  (o, ~) were  der ived  f r o m  the  d a t a  o f  (a)  an d  an  inner  t h y l a k o i d  
space  of  34 #1 pe r  m g  ch lo rophy l l .  The  theore t i ca l  curves  were  ca lcu la ted  using Eqns.  6 an d  7 o f  A p p e n d i x  
fo r  the  ' d i m e r  m o d e l '  a nd  the  ' a m i n e  m o d e l ' ,  r espec t ive ly ,  and  pH o = 7.0,  p H  i = 4 .3  ( d e t e r m i n e d  for  
sa tu ra t ing  l ight  in t ens i ty  as in Fig. 2),  p K  a = 6.8,  K = 45 #M,  and  [ R T ]  decreas ing  f r o m  5.5 to  5 #M for  
increas ing  a m o u n t s  of  thy lako ids .  
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Fig. 4. D i f fe rence  spec t ra  of  neu t r a l  red  i n c u b a t e d  t by l ako ids  a f te r  var ious  i l lumina t ion  t imes.  Th e  reac-  
t ion  m i x t u r e  was  desc r ibed  in Fig. 2, e x c e p t  for  neutra l  red  c o n c e n t r a t i o n  be ing  3 btM. T h e  spectra  were  
c o n s t r u c t e d  using the  k ine t ics  of  the  l igh t - induced  a b s o r b a n c e  increase  of  t hy l ako ids  as m o n i t o r e d  a t  the  
i nd ica ted  wave leng ths .  The  d i f f e rence  s p e c t r u m  o b t a i n e d  a f t e r  60  s of  i l lumina t ion  agreed wi th  d i f f e rence  
spec t ra  m e a s u r e d  d i rec t ly  dur ing  an  i l lumina t ion  pe r iod  b e t w e e n  1 to  15 rain.  Act inic  l ight a t  653 n m  and  
sa tu ra t ing  in tens i ty  (1.8 m W  • c m - 2  ) was  used .  

ing the occurrence of  protonated neutral red. Fig. 4 shows the difference 
spectra of this absorbance change after various illumination times. The absor- 
bance change was complete within 60 s with a half-rise time of approx. 5 s, 
remained stable for all tested light periods (up to 15 rain) and was reversible in 
the dark. Most important,  with increasing illumination times the maximum of 
the difference spectra was shifted to shorter wavelengths reaching a final value 
at about 515 nm. 

The final extent of the light-induced absorbance increase at 520 nm of thyl- 
akoids incubated with neutral red showed the same correlation with light 
intensity as the size of  the neutral red fraction taken up by the thylakoids 
(Fig. 5a). This suggests that  the size of the absorbance change was a direct 
measure for the amount  of neutral red taken up in the light, and furthermore, 
that  the dye was accumulated in its protonated form. Fig. 5b shows that  the 
relationship between neutral red uptake and 520-nm change was linear; at 
520 nm the difference extinction coefficient for neutral-red protonat ion in 
thylakoids was determined to be be = 8.7 mM -1 • cm -~, if the concentration of 
protonated neutral red was expressed in relation to the total suspension. This 
value is in the same range as the difference extinction coefficient at 520 nm of 
pure neutral red solutions at pH 4.80 versus 7.15, the latter being calculated 
from ref. 14 to be 11.5 mM -~. cm -1. Although both extinction coefficients 
have been determined for rather different conditions, their relative close agree- 
ment  indicates that  the neutral red taken up by the thylakoids was not  masked 
to a higher extent.  

The linear relationship between neutral red concentration inside the thyl- 
akoids and AAs20 (Fig. 5b) indicates that  the extinction coefficient at this 
wavelength is not  affected by high local neutral red concentrations. Since no 
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Fig. 5. Cor re la t ion  b e t w e e n  l igh t - induced  neu t ra l - red  u p t a k e  and  abso rbance  increase a t  520 rim. The  
r eac t ion  m i x t u r e s  were  the  same as the  neu t ra l  red  con ta in ing  m i x t u r e s  of  Fig. 2; con t ro l s  r u n  w i t h o u t  
neu t ra l  red  were  used to co r rec t  the  5 2 0 - n m  change  for  neu t ra l  red  i n d e p e n d e n t  changes .  (a) C o m p a r i s o n  
of  neu t ra l  red  u p t a k e  and  final e x t e n d  of  the  abso rbance  increase u n d e r  the  ind ica ted  in tensi t ies  of  red  
l ight  ( > 6 0 0  n m ) .  (b) Re la t ionsh ip  b e t w e e n  the  a m o u n t  of  neu t r a l  red t ak en  up  by  the  t h y a l k o i d s  and  the  
e x t e n d  of  the  a b s o r b a n c e  change .  

linearity was observed for absorbance changes at longer wavelength (data not  
shown}, the linearity at 520 nm suggests the existence of  an isosbestic point  for 
protonated neutral red dissolved in the inner thylakoid phase at this wave- 
length. Consistent with this suggestion are studies on the optical properties of  
concentrated neutral red solutions which revealed an isosbestic point  on the 
short-wavelength side of  the absorbance maximum obtained for diluted solu- 
tions [15].  

The correlation between absorbance change and light-induced neutral red 
binding was further studied when the pH gradient across the thylakoid mem- 
brane was decreased [ 16] under phosphorylating conditions (Fig. 6a) and when 
the inner thylakoid space was diminished [12] in the presence of  sorbitol 
(Fig. 6b). While the extent  of  the absorbance change as well as the size of  the 
bound neutral red fraction were smaller in the presence than in the absence of  
ADP, sorbitol reduced the absorbance change but  did not  affect neutral red 
binding. The smaller absorbance change in the presence of  ADP or sorbitol was 
not  caused by  their direct interaction with neutral red since the spectra of  
neutral red solutions at pH 7 or 5 were unaffected by these compounds.  

Finally, it should be mentioned that the presented data were obtained in the 
absence of  exogenous electron acceptors, and that DCMU inhibited neutral red 
uptake and absorbance change (data not  shown}. These findings suggest that 
neutral red uptake and protonat ion occured under conditions of  linear electron 
transport  from water to oxygen in a Mehler-type reaction. Addition of  100 ~zM 
methyl viologen caused an increase of  the absorbance change by about  10%, 
in accordance with enhanced electron transport  and proton pumping in 
presence of  the acceptor.  

3. A model for the accumulation o f  neutral red in illuminated thylakoids 
The fact that light-induced neutral red uptake was much larger than pre- 

dicted by the amine mechanism suggests that the neutral red species accumu- 
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Fig.  6. E f f e c t  o f  A D P  and  so rb i t o l  on  the  l i gh t - induced  a b s o r b a n c e  c h a n g e  at  520  n m  in neu t r a l  red  incu-  

b a t e d  t h y l a k o i d s  and  on  the  u p t a k e  o f  neu t r a l  red  b y  t h y l a k o i d s .  T h e  r e a c t i o n  m i x t u r e s  were  the  s a m e  as 
t he  neu t r a l  red  c o n t a i n i n g  m i x t u r e  o f  Fig .  2, b u t  in (a) 5 m M  s o d i u m  p h o s p h a t e  and  2 m M  MgC12 were  

also p resen t .  Where  i n d i ca t ed ,  0.5 m M  A D P  (25  pl  o f  a 60  m M  s t o c k  so lu t i on  at  p H  7 .0)  or  200  m M  

sorb i to l  ( 2 0 0  pl o f  a 3 M s t o c k  s o l u t i o n  at  pH  7.0)  were  a d d e d  to  the  r e a c t i o n  m i x t u r e .  Ac t in ic  red  l ight  

( > 6 0 0  n m )  o f  1,5 m W  • crn -2 was  used .  T h e  l i gh t - i nduce d  a b s o r b a n c e  inc rease  of  c o n t r o l s  w i t h o u t  
neu t r a l  red w a s  10 to  15% o f  t he  s ignal  o b s e r v e d  in p r e sence  of  the  d y e  and  was  l i t t le  a f f e c t e d  by  a d d i t i o n  
o f  sorb i to l .  

lated in the thylakoids was not  simply the protonated dye in its monomer  
form. Under the experimental conditions of Fig. 3, neutral red concentrations 
in the inner thylakoid space were calculated to be in the range of 2--10 mM for 
1.5--0.3 ul of inner space per ml of thylakoid suspension, that  is at concentra- 
tions at which protonated neutral red is known to aggregate. According to 
Bartels [15], protonated neutral red at concentrations up to 1 mM aggregates 
to dimers only, whereas at concentrations higher than 1 mM the d imers start 
aggregating to tetramers; and these processes produce a shift of the absorbance 
maximum from 533 nm for the monomer  to less than 495 nm for the aggre- 
gates [15]. Since an absorbance shift to  shorter wavelengths was observed 
during the accumulation of protonated neutral red inside the thylakoids as well 
(Fig. 4), it seemed reasonable to consider the possibility that  neutral red forms 
aggregates also when concentrated inside the thylakoids. 

A model for the mechanism of  light-induced neutral red accumulation in 
thylakoids using the assumption of dimer formation is shown in Fig. 7. Based 
on this model, the correlation between the size of the neutral red fraction 
taken up by the thylakoids and the pH gradient across the thylakoid membrane 
was derived as presented in the Appendix. Using a best-fit value for the disso- 
ciation constant K for neutral red dimerisation of K = [RH+]2/[(RH*)2] = 
45 uM, the dimer mechanism allowed to predict the amount  of neutral red 
taken up at different ApH values, as shown in Fig. 2b. The relationship 
between inner thylakoid space and concentration ratio of  neutral red inside and 
outside the thylakoids was also calculated based on the dimer model. Fig. 3b 
compares the theoretical curve with the experimental data and shows good 
agreement for inner space larger than 0.5 ul/ml suspension. Below this value, 
neutral red uptake was smaller than predicted by the model. This finding seems 
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Inner thylakoid 
space 

External  
medium 

H i R i ~r- - -  R 0 H a 

RH~'~ RH~ RH; 

(RH+)2,i 
Fig. 7. D i m e r  m o d e l  for  the  u p t a k e  o f  neu t r a l  red  by  i l lumina ted  thy lakoids .  R s tands  for  the  unp ro -  
t o n a t e d ,  R H  + for  the  p r o t o n a t e d  and  (RH+)2 for  the  d i m e r  species of  neu t r a l  red.  Th e  subscr ip ts  i and o 
ind ica te  the  l oca t i on  of  the  species inside or  outs ide  the  t hy l ako id  m e m b r a n e .  Fo r  m a t h e m a t i c a l  t rea t -  
m e n t  of  the  m o d e l  see A p p e n d i x .  

to reflect the fact that  below 0.5 /zl inner space per ml suspension electron 
transport was inhibited due to the high neutral red concentration inside the 
thylakoids, as confirmed by electron transport measurements in the presence of 
0.1 mM methyl  viologen and variable amounts of neutral red (data not  shown). 
It should be mentioned that  the theoretical inner neutral red concentration 
increases from 6.25 to 18 mM for thylakoid suspensions with inner thylakoid 
space decreasing from 0.5 to 0.1/zl/ml suspension. 

Whereas the dissociation constant  for neutral red dimerisation inside the 
thylakoids was determined to be 45 /zM; Bartels [15] reported a value of 
206/zM for neutral red solutions in 15 mM phosphate buffer at pH 2. To check 
whether such difference was due to different solvent systems, the value of the 
dissociation constant  was determined for neutral red solutions at pH 5 and 
various buffer concentrations, using the method described [15]. For citrate 
buffer, the dissociation constant changed from 200 to 100/zM when the buffer 
concentration was increased from 10 to 100 mM. Thus, the value of the disso- 
ciation constant depends on the solvent and may be as low as 45 ~zM inside the 
thylakoids. 

Since the shift of  the absorbance maximum of protonated neutral red due to 
increasing neutral red concentration was smaller in illuminated thylakoids 
(Fig. 4) than in pure neutral red solutions [ 15], absorbance shifts were studied 
for neutral red dissolved in various buffer solutions. The maxima of 1 mM 
neutral red solutions at pH 5, buffered with 10 mM citrate or succinate, were at 
497 or 504 nm, respectively, whereas the maxima of 2 pjVl neutral red solutions 
were at 535 nm for both buffers. Thus, the concentration-dependent shift of  
the absorbance maximum of protonated neutral red is also affected by the 
solvent and may be smaller for neutral red dissolved in the hydrophylic phase 
of  inner thylakoid space than in the tested buffers. 

Discussion 

The light-induced accumulation of neutral red in thylakoids is far too high to 
be explained by the same uptake mechanism as established for amines (Figs. 2a 
and 3a}; instead, the high accumulation can be explained assuming the forma- 
tion of  neutral red dimers inside the thylakoids (Figs. 2b and 3b). The dimer 
model for neutral red uptake as presented in Fig. 7 is supported by the fact 
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that  dimer formation has been observed in concentrated neutral red solutions 
[15]; in addition, protonated neutral red that  has been accumulated in thyl- 
akoids (Fig. 4) and protonated neutral red that  is dissolved in highly concen- 
trated pure solution [15] have similar optical properties. 

Another mechanism for neutral red accumulation has been suggested by Pick 
and Avron [7], based on the assumption that  protonated neutral red is bound 
to the inner side of the thylakoid membranes under light. This hypothesis is 
questioned by the experimental data presented in this paper, namely, under 
conditions of such a 'binding-site mechanism' the concentration ratio of neutral 
red inside to outside of the thylakoid membrane is expected to increase when 
the amount  of hypothetical  binding sites is increased; instead, a decrease of  the 
ratio has been observed when the amount  of membranes was raised in the sus- 
pension (Fig. 3b). 

The binding-site hypothesis for neutral red accumulation has been proposed 
to explain the observation that  stimulation of proton uptake by neutral red is 
essentially insensitive to the osmo]arity of the medium [7]. Consistent with 
this observation it could be shown (Fig. 6b) that  neutral red uptake is not 
affected by addition of sorbitol (200 mM) to the reaction mixture. This behav- 
iour is in agreement with the dimer model: as shown in Fig. 3a, neutral red 
uptake is much less affected by changes in size of inner thylakoid space than 
uptake of amines, provided the inner space does not  become too small. Even a 
small inner space available for neutral red uptake does not  necessarely reduce 
the uptake: according to [12], addition of 200 mM sorbitol (as in Fig. 6b) 
results in shrinkage of the inner space by a factor of 10, but yields also an 
increase of  the light-induced pH gradient by approx. 0.4 units. The decrease of  
inner space alone would cause a decrease in neutral red uptake (Fig. 3a), 
whereas the increase of pH gradient leads to a large uptake of the dye (Fig. 2b). 
Since both changes affect neutral red uptake in opposite directions, they may 
compensate each other. 

According to Bartels [ 15], protonated neutral red, when dissolved at concen- 
trations higher than 1 mM, is aggregated not  only to form dimers, but part of 
the dimers are further associated to tetramers. In 5 mM neutral red solutions 
approx. 4.8% of the neutral red is present as tetramer species, whereas in 
10 mM solutions the tetramer fraction represents already 16%. This additional 
aggregation has not been considered in the dimer model {Fig. 7) since accumu- 
lation of internal neutral red at levels higher than 5 mM (as is the case in Fig. 2 
for thylakoid suspensions containing less than 14 tzg chlorophyll per ml equiva- 
lent to 0.5 ttl inner space per ml) causes secondary effects on the membrane 
like inhibition of electron transport. In addition, excess accumulation of 
neutral red may change the optical properties of the system; this was probably 
the case under the experimental conditions of Fig. 6b where the inner space 
was decreased by the additon of  sorbitol. Under these conditions neutral red 
uptake was unaffected,  but the absorbance change was significantly decreased. 
A similar 'masking' of  the absorbance has been reported by Pick and Avron [7] 
who studied the light-minus-dark difference spectrum in a thylakoid suspension 
containing 30 tzg chlorophyll per 3 ml and 10 tLM neutral red. 

Considering experimental evidence presented, neutral red uptake by illumi- 
nated thylakoids can be explained by the dimer model, as long as appropriate 
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ratios between neutral red concentration and inner thyalkoid space available 
for neutral red accumulation are maintained. If appropriate ratios for these 
parameters are used (under my experimental conditions of 3--5 t~M neutral red 
and chlorophyll concentrations equivalent to 1 td inner thylakoid space per ml 
suspension), the light-induced uptake of neutral red by thylakoids is propor- 
tional to the light-induced absorbance change at 520 nm (Fig. 5b), and the 
neutral red uptake is controlled by the pH gradient across the thylakoid mem- 
brane (Fig. 2b). Consequently, the absorbance change at 520 nm of neutral red 
incubated thylakoids provides a measure for ApH similar to the fluorescence 
quenching that occurs in thylakoids incubated with fluorescent amines [ 13]. 

Compared to other techniques for ApH determination, the neutral red 
technique has the advantage to allow simultaneous studies of pH change, elec- 
tron transport and phosphorylation by thylakoids under the same experimental 
conditions; different from direct pH measurements in the external medium 
[17], the neutral red containing reaction mixture can be buffered; different 
from ApH determinations based on centrifugation techniques [18], the neutral 
red method, by monitoring AAs20, allows continuous and short-time measure- 
ments. Finally, the neutral red technique represents a sensitive and simple 
method for monitoring pH changes in thylakoids under steady-state illumina- 
tion. 

Appendix 

Derivation o f  the relationship between [IF]i/[H+]o and the fraction x of  
neutral red taken up by the thylakoids in ease of  the dimer model 

Let R be the unprotonated, RH ÷ the protonated and (RH÷)2 the dimer 
species of neutral red, and [RT ] the overall concentration of all neutral red not 
bound to the thylakoid membrane, with one dimer molecule being regarded 
like two neutral red molecules. Let the subscripts i and o indicate concentra- 
tions in the inner thylakoid space and outside the thylakoid membrane (Fig. 7), 
and may [RT]o be small enough (<10 tzM according to ref. 15) not to form 
dimers. Then the distribution of neutral red inside and outside the thylakoids 
can be expressed as shown in Eq. 1: 

[RTli [R]i + [RH+]i + 2[(RH+)2]i 
[Rw]o [Rio + [RH+]o (1) 

Let Ka and K be the dissociation constants for the protonation of neutral red 
(Ka) and the dimerisation of the protonated form (K), i.e., 

[a]i. [H+]i_ [Rlo'[H+]o 
g a - [RH+]i [RH+]o (2) 

where [R]i = [Rio, as consequence of the assumption that the permeability 
through the thylakoid membrane of the uncharged species R is high as com- 
pared to the protonated species RH ÷ (ref. 12), and 

g .... [RH÷]~ (3) 
[(RH÷):]i 
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and 

g a  
= ( 4 )  

[H*]o 
By means of  Eqns. 2--4 the neutral-red eoneentrat ion terms on the right side 
of  Eqn. 1 can be replaced in part by  proton concentrat ion terms: 

+ 2 [RT] i 1 1 [H*]i 2 .  [RT] o [ [H ' ]  i 
- ~ + (5) 

[RT] o ~ +1  ( ~ + l ) [ H * ] o  ~ + 1 )  2 " g \ [ H * ] o /  " 

Replacing the terms [RT]  i and [RT]  o in Eqn. 5 by 

V 
[RT] i = x -  [RT] "~ -  

and 

[Rw]0 = (1 - -x ) [RT]  

where V = suspension volume, v = volume of  the inner thylakoid space, and x = 
([RT] -- [Rw]o)/[RT] , i.e. the fraction of  neutral red taken up by the thylakoids 
in the light, and rearranging the obtained expression gives the following rela- 
tionship: 

2-[RT] { [H+]~ 2 V )i 
((x + I ) K "  \[H+]o ! " +--u ( c ~ + l . f . ( 1 - - x ) - -  

[H+]i • (1 - - x )  + (~ ( 1  - x ) 2  + 

V 
- - - - ( ~ + 1 ) = 0  (6)  

U 

For finite values of  K, this equation describes the relationship between size 
of  the proton gradient [H÷]i/[H÷]o and fraction x of  the neutral red taken up 
by  the thylakoids in case of  the dimer model;  for infinite K, Eqn. 6 changes to 
equation 

[H+]i  "" x ) +  ( + V  ) V 
[ H ~ o  ( ± -  a - - ( a + l )  . ( 1 - - x )  - - - -  (a + l )  = 0 (7) V U 

valid for the simple amine model  and equivalent to other equations derived for 
the amine model  (for example Eqn. 1 in ref. 13). 
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