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SUMMARY 

The energtzatlon of Rhodosplrdlum rubrum chrornatophores by the hght, ATP, 
PP,, by dark electron transfer via energy-coupling sites of the redox chain, by the 
combination of KC1 and valinomycin causes absorptton changes of  carotenolds and 
bacteriochlorophyll. These changes due to the absorption-band shifts of the pigments 
are sensitive to the uncoupler p-trifluoromethoxycarbonyl cyanide phenylhydrazone 
(FCCP) but not to the combination of KCI and nigericm, which abolishes fluorescen- 
ce changes of  atebrm. Dithlonite and ferricyamde depress the light-induced absorp- 
tion changes of bacteriochlorophyll but have no inhibitory effect on the PP2-mduced 
changes. Analys~s of bacter~ochlorophyll absorption changes in the infra-red region 
shows that the photooxidation of bacteriochlorophyll reaction centers w~th the ne- 
gative peak m the region of 890 nm is accompanied by red and blue shifts of bac- 
teriochlorophyll absorption bands. These shifts are due to a transmembrane electro- 
chemical gradient of H + and a local elecmc field arising as a result of oxidation of the 
reaction centers. It appears that the superposmon of the (1) red shift which ~s charac- 
terized by negative and positive peaks at 865 and 895 nm, respectzvely, and (2) photo- 
bleaching of bacterlochlorophyll reactton centers m the region of 890 nm cause overall 
absorption changes with the negative peak at 865 nm. 

INTRODUCTION 

According to Mitchell's chemzosmotic hypothesis 1, the redox chain and hy- 
drolysas of ATP in couphng blomembranes can operate as "proton pump~" trans- 
porting H + against the concentration gradient of these ions. The investigation of the 
active transport of natural and synthetic penetrating ions has shown that the tuner 
phase of Rhodosptrillum rubrum chromatophores is charged posmvely, whereas the 
tuner phase of  cytoplasmxc membrane is negatively charged in the energized state 2- 5. 

Abbrevmhons FCCP, p-trJfluoromethoxycarbonyl cyamde phenylhydrazone, TMPD. 
N,N,N',N'-tetramethyl-p-phenylenedmmine 
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It  was shown that the electrochemical potential generated on the membranes 
Influences the state of  the carotenoids in the Rhodopseudomonas spheroides chromato-  
phores causing shifts in their absorpt ion bands 6'v. A similar effect was found for 
R. rubrum chromatophores  8'9 and chloroplasts ~°. 

The electric-field induced shifts of  spectral lines was first shown in 1913 by 
Stark during his investigation of  hydrogen luminescence. The term Stark's  effect or 
electrochromlc effect is used now for every action o f  the electric field on the absorpt ion 
and luminescence spectra. 

In the present study the action of  the electric field generated in R rubrum 
chromatophores  on the spectral characteristics of  bacterlochlorophyll and caro- 
tenolds was investigated. 

Prehmlnary reports of  some of  this work have been pubhshed 1 l. ~ 2 

METHODS 

The nonsulfur purple bacterium R, rubrum was grown and chromatophores  
were prepared as described previously 4. 

The absorpt ion changes in the R. rubrum chromatophores  were measured with 
a single-beam &fference spectrophotometer  ~3. The actinic 597-nm light was ob- 
tained by means of  glass-color and interference filters (the half  band width was 8 nm). 
The intensity o f  the actinic light was usually about  9000 erg.  cm 2 • s. Atebrln fluo- 
rescence was measured as described by Schuldmer et a/.a 5. 

Experiments were performed on the aerobic suspensions of  chromatophores .  
The incubation medium of  chromatophores  contained 0.25 M sucrose, 0.05 M Trls-  
HCI buffer (pH 7.6-7 8) and 5 • 10 -3 M MgC12 The other conditions are described 
in the figure captions, 

RESULTS AND DISCUSSION 

Light-induced absorpt ion changes with peaks at 790, 810, 865 and 895 nm 
were found in the aerobic suspension of  R rubrum chromatophores  in the presence of  
N,N,N ' ,N ' - te t ramethy l -p-pheny lenedlamlne  ( T M P D )  and ascorbate (Fig. 1, Curve 1 ). 
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Ftg l. Absorptmn &fference spectra (light minus dark) of R rt~brttm chromatophores m the presence 
of TMPD (01raM) and ascorbate (lmM) 1, wlthoutFCCP, 2, wl th3pMFCCP. A88o.m 33 
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Ftg 2 The spectrum of  absorp t ion  changes reduced by PP. {50,uM) in R. rubrum chromatophores  
m the dark,  Asso ~m ~ 1 5 

These changes could be explained as a result of blue and red shifts of the bacteno- 
chlorophyll absorption bands. The similar conclusion was previously made by Vreden- 
berg and Amesz ~6 for some bacteria. 

An uncoupler of photophosphorylauon, p-trifluoromethoxycarbonyl cyanide 
phenylhydrazone (FCCP) removes the red shift and reduces the amphtude of the 
d~fference changes linked with the blue shift (Fig. 1, Curve 2). It may well be that the 
spectral shifts of bactenochlorophyll absorption bands are linked with the mechanism 
of energy couphng in the chromatophores. 

This suggestion is supported by the data of Fig. 2 which shows the spectrum of 
bacterlochlorophyll absorption changes induced by the addition of PP, to the chro- 
matophores suspension in the dark. PP1 ~s seen to cause an effect sJmdar to that re- 
duced by light in the presence of TMPDH2. 

Fig. 3A and B show the kinetics of PPi-mduced absorption changes of bacteno- 
chlorophyll at 895 nm. The effect of PP1 is prevented by the uncoupler FCCP. 

The effect similar to PP, is also caused by hydrolysis of ATP and aerobic 
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Fig 3. The kinetics of  absorpt ion changes reduced by PP, or KCI dfld val lnomycm m R rubrum 
chromatophores .  A, an effect of  PP. ( 5 0 # M )  at 895 nm, Asso .m = I 5 B. the same as A plus 
3 ffM FCCP. C, an effect o f  KCI (20 m M)  at 851 nm in the presence of  0.5 t~M vahnomycm The 
concentra t ion of  added FCCP m C was 0 51tM; Asso .n, 6 4 
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TABLE l 

THE ABSORPTION CHANGES INDUCED BY DIFFERENT ENERGY SUBSTRATES IN 
R RUBRUM CHROMATOPHORES AT 895 nm IN THE DARK ~A88o .m ~ 3 3~ 

Enerqy ~ubstrate Concentratton (raM) IA8~5 nm 103 

PP, 0.1 7 7 
ATP 2.0 5 8 
N A D H  2 0 3.5 

D AA = 2 10 -? 
l ! 2 m m  

] I t i I 
L PP, ATP NADH 

Ferrlcyonlde 
sUCclnate 

Fig. 4. The kmeUcs of  energy-dependent  changes of  carotenoid absorpt ion in R rubrum chromato-  
phores at  570 nm L, hght ,  D. dark. A d d m o n s  7 10 -~ M succmate, 3 10 * M ferncyamde,  
1 7 " 1 0 - 5  M PP,, 7 1 0 - 5 M  A T P a n d 3 3 " 1 0 - s  M N A D H  As.ohm ~ 0 6 5 .  

oxidat ion  of  N A D H  (Table 1). But A T P  and N A D H  are less effective in compar i son  
with PP,. 

These results correlate  with the effect of  these compounds  on the ca ro tenoid  
band  shifts of  R rubrum ch roma tophore s  at 570 nm Fig. 4 shows the caro tenoid  
absorp t ion  changes reduced by the hght, o ,ddauon  o f  succlnate by fe rncyamde,  
hydrolysm of  PP,, A T P  and oxida t ion  of  N A D H  by 0 2 9 

Fig. 3C il lustrates that  add i t ion  of  KCI  in the da rk  m the presence of  vahno-  
mycln sharply  reduces the absorp t ion  of  bac tenoch lo rophy l l  m the region of  the 
negative differential  peak i.e. at 851 nm. This observat ion  cor responds  to the da ta  of  
Jackson and Crofts  6 and Sherman and Clay ton  7 on the caro tenoid  band  shifts in the 
Rps. spheroides chromatophores .  The add i t ion  of  KCI in the presence o f  vahnomycln  
generates the gradient  of  K + across ch roma tophore s  membranes .  The reside of  the 
membranes  ts posi t ively charged.  The uncoupler  F C C P  removes the effect of  K + 
m the presence of  va l inomycm.  

Thus,  l ight in the presence of  reduced T M P D ,  hydrolysis  of  PP, and ATP,  
electron transfer  via energy couphng  sites of  the redox chain,  as well as the combina-  
t ion of  KCI and vahnomycln  cause a s imilar  effect: the shifts of  bac tenoch lo rophy l l  
absorp t ion  bands.  This means that  the effect observed IS due to the electrochemical  
potent ia l  generated across the membranes  of  ch roma tophore s  by a gradient  of  H + 
and K ÷ 

It is impor t an t  that  the abso rp t i on -band  shifts of  bac ter iochlorophyl l  and 
caro tenotds  in the ch roma tophore s  are due to the electric const i tuent  (A~P) of  the 
electrochemical  gradient  o f  H + and K + but not  to the osmotic  (concent ra t ion)  
consUtuent plot ted as the t r ansmembrane  difference of  the free ions, H + and K + 
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F~g 5+ Effect of KCl and mgencm on PP,-lnduced changes of bactenochlorophyll (upper curves) 
and carotenmd (bottom curves) absorption m R. rubrum chromatophores A. absorption changes 
of bactenochloropbyll at 895 nm and carotenmds at 572 nm m the presence of KCI (20 mM); B, 
the same as A pht~ mgerlcm (1.5/+g/ml). The concentration of PP, was 30pM; A88o,m = 5 0 

Fig. 6 Effect of KCI and mgerlcm on PPl-mduced changes of atebrm fluorescence m R. rubrum 
chromatophores A, m the presence KCI (20 raM); B, the same as A pht~ mgerlcm (1.5/+g/ml) 
Concentration of PPt was 30/~M; A88o ,m -- 5 0. 

(ApH and A p K  +) concentra t ions .  Conf i rmat ion  of  this view may  be found in the 
observat ion  that  the nlgericin in the combina t ion  with KC1 reahzes the t ransmem-  
brahe exchange o f  H + on K +, but  does not  influence the PP, -mduced  shifts of  bacte- 
r ioch lorophyl l  and caro tenoid  absorp t lon  bands  (Fig. 5). In contrast ,  f luorescence 
changes o f  a tebrin,  the ind ica tor  of  ApH on the membranes  14'15, are abol ished by 
the combina t ion  o f  KCI  and nigericin in the ch romatophores  energized by PP, 
(Fig. 6). 

The l ight- reduced shifts o f  bac te r iochlorophyl l  absorp t ion  bands  m the chro-  
matophores  are also observed in the absence of  reduced T M P D .  Under  these con- 
dl t lons the negative peaks at  865 and  810 nm and posit ive peak  at 790 nm are found  
m the difference spec t rum (Fig. 7, Curve 1). An  uncouple r  F C C P  reduces the amph-  
tude o f  hght - induced changes m the region of  865 nm and causes the appea rance  o f  a 
negative peak  in the region o f  895 nm (Fig. 7, Curve 2). This observa t ion  is consistent  
w~th the da ta  o f  O k a y a m a  e t  al.  17. The dzfference spect rum plot ted by subt rac t ion  
of  Spect rum 1 f rom Spectrum 2 is s lmdar  to that  Induced by PP, or  light m the pres- 
ence o f  reduced T M P D  (Fig. 7, Curve 3). 

The fact that  the blue shift o f  bac ter lochlorophyl l  and the negatwe peak  at 
865 nm (Fig. 7, Curve 2) are  re ta ined in the presence of  F C C P  may  indicate  tha t  the 
effects observed are not  only due to the t r ansmembrane  electric potent ia l  difference. 
It may  well be tha t  the add i t iona l  con t r ibu t ion  gives the hgh t -mduced  generat ion o f  a 
local electric field arising as a result  o f  the separa t ion  o f  charges between the bac teno-  
ch lorophyl l  react ion center  (P) and  the p r imary  electron acceptor  (A). This assumpt ion  
is m agreement  with the da ta  o f  the ca ro tenoid  shift in the ch romatophores  of  R. 
rubrum 9. 

In such a case the pho to-b leach ing  observed at 865 nm in the absence of  the 
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Fig. 7 The spectra of  absorpt ion changes induced by light or ferrlcyamde in R.  rubrum chromato- 
phores 1, hght-lnduced changes; Asso nm : 2 24. 2, the same as 1 plus  20ffM FCCP 3, Spectrum 
1 minus Spectrum 2. 4, changes induced by ferncyanlde (0.24 mM)  m the dark. Asso ,m ~ 0.94 

reduced T M P D  may be due to the superposltlon of (a) the red shift of the bacterio- 
chlorophyll absorption band caused by the transmembrane potential and the local 
electric field, (b) the photooxidation of the bacteriochlorophyll reaction centers ab- 
sorbing in the region of 890 nm. 

it  is known that the light-mduced changes of absorption connected with the 
transition o[ reaction center in the oxidized state are observed only at the definite 
values of  medium redox potential is. In a strong reducing or oxidizing environment 
the reaction centers are not accessible to oxidation because the components of the 
electron transfer chain are in a reduced state (in the first place) or the reacuon centers 
are chemically oxidized and are not able to respond to light (in the second place). 

In our experiments T M P D H  2 effectively reduces the reaction centers and 
produces a drop in the absorption changes upon continuous illumination (Fig. 1, 
Curve 2). Evidently, such an effect reduces the tension of the local electric field arising 
upon the photooxldatlon of the reaction center. That is why only the effect of trans- 
membrane potential linked with the mechanism of energy coupling is observed (Fig. 1, 

TABLE 11 

THE EFFECT OF F E R R I C Y A N I D E  (0 ,5mM) A N D  D1TH1ONITE (1 mg/ml) ON THE AB- 
SORPTION C H A N G E S  (JA, -  l03) I N D U C E D  BY L I G H T  OR PP, (20ffM) IN R,  R U B R U A I  

C H R O M A T O P H O R E S  AT 865 A N D  810nm (Assonm ~ 26 l  

L i g h t  PP,  

865 nm 810 nm 865 nm 810 nm 

Control 80 50 21 2 9 
Ferrlcyamde 42 24 28 3 9 
Dlthlonlte 3 6 4 7 21 2 9 
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Curve 1 ). This conclusion is also in agreement with the data of Table II. The addition 
of ferncyamde or dithlonite to the chromatophores suspension has no influence on 
the PP,-mduced dark shzfts of bacteriochlorophyll absorption bands m the region of 
810 and 865 nm, but it depresses the hght-mduced responses. These results also in- 
dicate that the transmembrane potential generation by PP1 is independent of the 
electron transfer v i a  energy-coupling sites of chromatophores redox chain. 

The steady-state level of the oxidized reaction centers increases upon con- 
tinuous illumination in the absence of reducing or oxidizing agents, when the com- 
ponents of the electron transfer chain are m a partly oxidazed state. This leads to the 
increase of the local electric field effect on the spectral shifts of bacteriochlorophyll 
The superpositlon of (1) the red bacteriochlorophyll shaft due to transmembrane 
potentml and the local elecmc field and (2) photo-bleaching of the reaction centers 
m the region of 890 nm makes the appearance of the overall absorptaon change with 
the negative peak at 865 nm possible. 

The assumptaon that the true bleaching of the reactron centers is locahzed not 
at 865 nm, but in a more long-wave region, is consistent wath the data in Fig. 7, 
Curve 4. In the dark spectrum of the absorption changes reduced by ferricyamde the 
blue shaft of bacterlochlorophyll is found and the negatave peak at 890 nm (but 
not at 865 nm as is observed m the case of hght-induced absorption changes) 

There ~s supporting evidence for the fact that the absorptaon band of the re- 
action centers as situated m the 890-rim regaon. The energy-linked changes m bacteno- 
chlorophyll absorptaon have a complicated nature m the region of 850-900 nm 
(Fig. 7, Curve 3). These absorption changes represent a superposltion of two effects: 
a red shift of light-harvesting bactenochlorophyll (dashed hne) and blue shaft (dotted 
line). According to data (Clayton, R K ,  personal communicataon) the blue shaft 
observed is due to the absorption band shift of the reaction centers (P) which are at 
PA-  state, where A -  ~s the reduced primary electron acceptor. Such an effect ~s 
observed only for some chromatophore preparations. From our calculation the blue 
shIft of the reaction centers absorption band reaches the value of 10-15 nm against 
the ~sosbestac point Thus the absorptaon peak of the reaction centers as localized at 
890 nm 

The ratio of the effects of transmembrane and local electric fields on the 
spectral charactenstacs of bactenochlorophyll in the chromatophores depends on 
the intensity of the achmc hght. A "symmetrical" red shift of the bactenochlorophyll 
wath peaks at 895 and at 865 nm is found upon relatively low mtensaty of light in the 
presence of TMPDH2 (Fag. 8, Curves 1 and 2). 

The level of the absorption changes decreases at 895 nm and increases at 
865 nm at hagh mtensmes the spectrum of the hght-mduced changes becomes similar 
to that in the absence of TMPDH2. The hght curves of the absorption changes at 
810 nm, connected with the blue shaft of bacteriochlorophyll, are very samdar to those 
at 865 nm (Fig. 8, Curve 3). 

The observed hght-curve differences may be explained by the increase m the 
steady-state level photooxidazed reactmn centers upon the increase of actinic light 
intensity. The effect of a local electric field may be predominant under these con- 
dations. 

Summarizing the results obtained we may conclude that the complicated nature 
of bacterlochlorophyll hght-mduced changes is hnked with the superpositlon of two 
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Fig 8 The effect of  actrn~c hght intensity (relative umts, 2 > 700 nm) on the absorption changes 
in R. rubrum chromatophores  m the presence of  T M P D  (0.1 rnM) and ascorbate (1 raM). 1, at 
895 nm, _,v at 865 nm, 3, at 810 nm Asso .~ = I 5 

effects: (I) the change m the redox level of the bactenochlorophyll reaction center and 
(2) the change m the bacteriochlorophyll absorption spectrum upon the appearance 
of the electric field in the membranes of chromatophores (the electrochromlc effect). 
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