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SUMMARY 

Changes in the absorption spectrum induced by 10-#s flashes and continuous 
light of  various intensities were studied in whole cells of Chromatmm vinosum. 

This paper describes the role and function of  a soluble c-type cytochrome, 
c-551, which was surprisingly found to act in many ways similar to the eytochrome 
c-420 in Rhodosptrillum rubrum, described in a previous paper [1 ] 

After the photooxldatlon of the membrane bound high potential cytochrome 
c-555 by a 10-#s flash, (the low potential cytochrome c-552 was kept permanently in 
the oxidized state) the oxidation of c-551 IS observed (t~. = 0.3 ms). From a careful 
analysis of the absorbance difference spectrum and the kinetics it is concluded that 
there is approximately 0.6-0 7 c-551 per reaction center and that essentially all the 
e+-555 is reduced via the cytochrome e-551. The oxidized-reduced difference spectrum 
of c-551 shows peaks at 551 and 421.5 nm. The reduction of c+-551 following the 
flash-induced oxidation is strongly inhibited by HOQNO, but only shghtly by anti- 
mycln A. 

Cytochrome c-551 reduces only the oxidized high potential cytochrome c-555, 
which is probably located on the outside of the membrane, on the opposite side of the 
primary acceptor. The low potential cytochrome c-552 does not show any detectable 
Interaction with cytochrome c-551. After the cells have been sonicated, no c-551 is 
photooxidlzed and at least part of the cytochrome occurs in the solution 

Analysis of the reduction kinetics of  c+-551 in the absence and presence of 
external donors suggests that e+-551 is partly reduced via a cyclic pathway, which is 
blocked by addition of  o-phenanthrohne, and partly via a non-cychc pathway. The 
non-cychc reduction rate of c+-551 (k = 6 s-1)  IS increased approximately 5-10 times 
upon thlosulphate addition, suggesting a role for c-551 between the final donor pool 
and the oxidized membrane bound e-type cytochromes. 

Abbreviations I-IOQNO, 2-n-heptyl-4-hydroxyqumohne-N-oxlde, MOPS, morphohnopro- 
pane sulfomc acid 
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INTRODUCTION 

In a previous paper [1 ] we have shown that m whole cells of  Rhodospirillum 
rubrum a soluble c-type cytochrome, c-420, can reduce oxl&zed reaction center 
bacterlochlorophyll, P+,  ( t t  ---- 0.3 ms). The P+ reduction kinetics were explained by 
assuming that there is approximately 1 cytochrome c-420 per two reaction centers (1 
c-420/2 reactlon centers) and that one c-420 molecule is able to react with at least two 
P+ molecules; a careful analysis of the kinetics indicated that c-420 was more or less 
freely &ffusable m the cell, which is also in accordance with the easy removal of  this 
cytochrome from the cell by some oscillation or French pressmg [1, 2] The low 
potential cytochrome c-428 occurs in only a small fraction (about 5 ~o) of  the reaction 
centers, which seem to be functionally different from those containing the high poten- 
tial c-420. 

In whole cells of  Rhodosptnllum rubrum the situation seems to be completely 
different from that encountered in Chromatium wnosum [3, 4] and Rhodopseudomonas 
sphaeroides [5]. In C. vmosum the oxidized reaction center bacteriochlorophyll P+-870 
is reduced also by a cytochrome, but with the following differences from R. rubrum: 

1. Two types of  membrane-bound c-type cytochromes are present, the low 
potential cytochrome c-552 and the high potential cytochrome c-555 [3, 6]. Both are 
able to donate electrons efficiently to the same oxadized reaction center bactenochloro- 
phyll and seem to occur in a stoichlometry of  (at least) two per reaction center (refs. 
7, 8, 9 and see also ref. 30). 

2. When both c-552 and c-555 are m the reduced state before the flash, P +-870 
only oxidizes c-552. The reaction between P+-870 and c-552 is monophaslc and has a 
halftlme of  1 gs at room temperature [7, 8, 9]; when c-552 is m the oxidized state 
before the flash, P +-870 oxidizes c-555 The reaction is again monophaslc, but now the 
halftime at room temperature is 2-3 ps [10, 11] Both c-552 and c-555 are ughtly 
bound to the reactmn center [12, 13], and even m highly purified reaction centers both 
cytochromes can still transfer electrons to P+-870 at rates not much different from 
those observed in intact organisms. 

The reductmn of c+-552 after a flash is slow [3, 6]. This means that the turnover 
number for c-552 is very low, and suggests that this cytochrome hardly contributes to 
electron transport at "normal"  hght intensities, c-552 is permanently m the oxtdlzed 
state under donor-depleted conditmns [14], or in the presence of  oxygen [6]. 

In this paper we shall describe experiments which were done under conditions 
in which c-552 was OXl&zed so that no redox change of this cytochrome occurred. 
Looking for similarities between R rubrum and C vmosum we have found by a careful 
spectroscopic and kinetic analysis that in whole cells of C. vinosum a diffusable c-type 
cytochrome, c-551, is present which turns out to have properties analogous to c-420 m 
R. rubrum. We wdl describe the interaction between c-551 and c÷-555 in C. wnosum 
and show that it is similar to that between c-420 and P +-870 m R. rubrum 

Finally we have shown [1 ] that in R. rubrum part of the oxidized c-420 is 
reduced via a b-type cytochrome by some component on the acceptor side, the re- 
mainder is reduced via another pathway, possibly by a large donor  pool A similar 
arrangement has been suggested for the reductmn of c+-555 in C. vmosum [15]. We 
have tried to obtain some insight into the identity and stolchiometry of  the compo- 
nents involved in this reduction. 
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MATERIALS AND METHODS 

Chromatium vmosum was cultured on a medium described by Hendley 
[16] in the light of fluorescent lamps 0ntensity approximately 200 lux) during 3-4 
days, after which the suspension was more or less free of the molecular sulphur which 
was formed lnitmlly. Cells were harvested by centrlfugatlon and put in a fresh medium 
without Na2S20 a. In some experiments various concentrations of Na2S2Oa were 
added about 10 min before the experiments were started. Chromatophores of C. 
vinosum were prepared using either sonic oscillation (2 × 30 s) or a French press. Cell 
debris was removed by centrifugatlon for 10 mln at 20 000 × #. The chromatophores 
were collected after further centrifugation for 90 rain at 144 000 ×g. The chromato- 
phores were suspended in a medium containing 50 mM MOPS and 50 mM potassium 
chloride, and continuously bubbled with pure nitrogen to obtain anaerobic conditions. 
Absorbance difference kinetics were measured with a split beam spectrophotometer 
described earlier [1 ], on-line connected to a PDP-9 computer, where data were stored 
and the necessary calculations could be done. Xenon flashes (t½ ---- 10 #s) or shuttered 
continuous light were used as actimc dlumination 

In some exp:riments o-phenanthroline has been added to prevent double 
turnovers from one xenon flash. Cytochrome c-555 photooxidation was complete m 
10/is (t~ = 3 #s) after a short laser flash, or after a xenon flash in the presence of 
o-phenanthrohne. In )he absence of o-phenanthroline approxamately 30 ~o additional 
cytochrome was photooxidized, with a slower rate, probably due to a second turnover 
in the tail of the Xenon flash 

RESULTS A N D  INTERPRETATION 

Unless mentioned the experiments described in this section were performed 
after depletion of electron donors in the presence of molecular oxygen. Under these 
conditions c-552, the low potential cytochrome is permanently in the oxidized state 
and only the high potential cytochrome c-555 can be oxidized by P+-870 after a flash 
Fig. 1 shows the rereductlon of oxidized c+-555 (measured at 422 nm) after a saturat- 
ing xenon flash. The decay kinetics at this wavelength are clearly biphaslc; the fast 
component has a halftlme of approximately 0.3 ms (Fig. 1, insert). The slow compo- 
nent has a half time varying between 60-120 ms depending on the amount of molecu- 
lar sulphur still present in the cells, the age of the cells and the oxygen tension. 

Fig. 2 shows the spectral changes accompanying this 0.3 ms component. Fig. 2 
left gives the results obtained in the Soret peak and Fig. 2 right for the ~ peak of the 
cytochrome spectrum. The open squares show the difference spectrum (light--dark) 
obtained 0.15 ms after a saturating flash and this clearly indicates the photooxidatlon 
of c-555. The ~ peak in the difference spectrum was found at 556 nm. This difference 
spectrum for c-555 photooxidation is essentially identical to the one obtained m 
C. vinosum chromatophores at a redox potential of approx 300 mV at which other 
cytochromes are presumably in the oxidized state so that only c-555 can reduce P+- 
870. The closed circles give the difference spectrum (light--dark) 3 ms after the flash. 
In the soret region this spectrum is s~milar to the previous one (0.15 ms after the 
flash), although the lsosbestic point shifts approximately 0.5 nm, and also the peak 
shifts to a slightly shorter wavelength. However m the ~ region the shape of the 
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Fig. 1. KJnctics of absorbance changes at 422 nm m two consecutive saturating flashes given at a 6 ms 
time interval. The absorbance change reflects c-555 oxidat]on and reductzon in whole cells of  C. 
vmosum ,  under aerobic conditions without thlosulphat¢ added. The absorbance of  the sample is 
0.25 at 880 nm, the optical pathlength was 5.0 ram, the flash frequency was 0.07 H.z Fig. I, insert. 
Semdogarithmzc plot of  the fast (t~ = 0 3 ms) phase of the absorbance increase at 422 nm after the 
first flash. [] and • represent experiments wzth two different samples of one batch 
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Fig. 2. Absorbance &fference spectra m whole cells of  C. v m o s u m  induced by saturating xenon flashes 
m the regions 400--440 nm (left) and 530-570 nm (right) at 0.15 ms after the flash (FI) and 3.0 ms 
after the flash (Q).  The absorbance of  the sample was 0.5 at 880. The experiment was done m the 
presence of  1 mM o-phenanthrohne (see Materials and Methods). Further condmons as in Fig. 1. 
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difference spectrum changes completely. Whereas the spectrum 0.15 ms after the flash 
(closed circles) indicates only c-555 oxidation, 3.0 ms after the flash, a new band has 
developed with the ~ peak around 551 nm while part of  the c+-555 seems to have been 
reduced within the same time. We shall call this new pigment showing an absorbance 
change at 551 nm "c-551" and we shall show in the following that c-551 is a c-type 
cytochrome with peaks in the oxidized--reduced difference spectrum at 421.5 nm and 
551 nm, and that c-551 is oxa&zed by c+-555. 

A second flash given approximately 6 ms after the first again causes c-555 
oxidation, however now the 0.3 ms component is absent, indicating that c-551 is still 
in the oxidized state and that its concentration is less than or equal to one per reactmn 
center These results can be understood by assurmng that c-551 can reduce part of 
c÷-555 with a halftlme of  approximately 0.3 ms; when a second flash causes again c- 
555 oxidation, no fast reduction occurs because all of the c-551 has been oxi&zed by 
the first flash. 

If  a scheme of  electron transfer c-551 ~ c-555 ~P-870  proposed m the preced- 
ing part is true, and if the redox potentials of  the components in this chain increase in 
the directmn of  electron transport, one would expect that at low intensities of  con- 
tmuous background illumination, only c-551 will be m the oxidized state before the 
flash, giving rise to a decrease m the amplitude of the 0.3 ms component. At higher 
Intensities c-555 also becomes oxidized, which would decrease the initial amphtude for 
c-555 oradatlon in a flash. To check whether th~s ~s valid we have compared the total 
amphtude of the flash reduced absorbance change at 422 nm w~th the amphtude of  the 
0.3 ms component for various intensities of  the background illumination. The result is 
shown in Fig. 3: at low intensities of  the background illumination (0.01-0.06 mW/ 
cm 2, 2 = 880 nm) the 0.3 ms reduction of c+-555 by c-551 indeed disappears (Fig. 3, 
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Fig 3 A m p h t u d e  o f  the  total  absorbance  change 0 15 ms  after a flash o f  sa tura t ing  intensity (F1, 
o p e n  squares)  and  the  a m p h t u d e  o f  the  0 3 m s  c o m p o n e n t  ( O )  measu red  at  422 n m  as a funct ion  o f  
the  intensi ty  o f  the  b a c k g r o u n d  d l u m m a t l o n  m whole cells o f  C mnosum The  background  illuma- 
na t ron  was switched on  1 second before the  flash was gwen. The  absorbance  o f  the  sample  was 0 25 at 
880 n m ,  the wavelength  o f  the  backg round  f i l u m m a t m n  ~s 880 nm.  Fu r the r  condi t ions  as in Fig 1. 
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Fig. 4. Abso rbance  difference spectra  ( induced by  1 second of  con t inuous  d l u m m a t i o n  m whole 
cells o f  C. mnosum in the  region 400--440 n m  0eft)  and  530-570 n m  (right). Eq, I = 0 02 m W / c m  2, 
2 = 880 rim, O,  I =  0.2 m W / c m  2, 2 = 880 nm.  The  absorbance  o f  the sample  is 0 25 at 880 n m ,  
fu r ther  c o n d m o n s  as m Fig  1. 

closed czrcles) while much higher intensities of background llluminanon are needed 
(1 > 0.1 mW/cm 2, 2 = 880 nm) to decrease the initial amplitude of c-555 oxidation 
(Fig. 3, open squares). From Fig. 3 it is clear that there is essentially no 0.3 ms c+-555 
reduction at a background illumination of 0 06 mW/cm 2 (2 = 880 nm), which means 
that this light intensity is sutficient to largely oxi&ze the component c-551, respon- 
sible for the rapid c+-555 reduction. Fig. 4 shows the light--dark difference spectrum 
obtained after 1 s of continuous actinic illumination (I = 0.02 mW/cm 2, 2 = 880 
rim) and this clearly shows the photooxidation of a c-type cytochrome with peaks in 
the difference spectrum at 421.5 rim, the T/c* peak ratio is approxamately 2.5. This 
y/c, peak ratio for the reduced minus oxidized difference spectrum is rather small but 
not much different from that obtained for the difference spectrum of c-420 in R. 
rubrum whole cells [1 ]. This result confirms our first tentative conclusion that the 
0.3 ms reduction of c+-555 is concomitant with the oxidation of a c-type cytochrome 
c-551. At increasing light intensities the c* peak of the light-dark difference spectrum 
shifted to a longer wavelength; at high hght intensities (I  = 0.2 mW/cm 2, 2 = 880 
nm) the c* peak was positioned at 554-555 nm (Fig. 4 right, black circles). This is also 
in accordance with previous measurements using continuous illumination under 
aerobic condinons in whole cells of C. vinosum [6]. 

We now felt able to analyze more accurately the dtfference spectrum shown in 
Fig. 2, assuming it to be composed of c+-555, c+-551 and some contribution from the 
carotenoid shift. This last change is probably small at these wavelengths, and we 
assume it to be constant. This is of course an approximation, but experiments in 
chromatophores of C. vinosum using vahnomycm to increase the rate of decay of the 
transmembrane electric field [18 ], indicated no sharp bands in the difference spectrum 
in the region 540-560 nm whlch could be attributed to the carotenoid shift. From the 
difference spectrum registrated at different times after the flash, we then could calcu- 
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Frg. 5 Calculated kinetics of flash induced c-551 oxrdatron (left), c+-555 reduction (middle) and the 
time course of a thud component, which IS approxrmately constant at various wavelengths (see 
text) as calculated from difference spectra shown m Fig 2, taken at several times after the flash. The 
difference spectra used to fit the experrmental data were the difference spectrum of c-551 (light-dark) 
obtained after 1 s of weak (0.02 mW/cm*, A = 880) contmuous rllummatron; the drfference spectrum 
of c-555 (hght-dark) was obtained m chromatophores of C. vrnorum m the presence of 2 PM vahno- 
mycm and 10 mM KCl, 1 ms after a saturating flash at an ambient potential of 300 mV. We used the 
followmg method to calculate these results wrth the computer. The difference spectra for c-551, 

c-555 and the constant functron of wavelength (all normalized to 1) were called NT, N< and F,, re- 
spectively. The r’th element of each vector represents the absorbance change of each component of 
wavelength AI (r runs from 1 to the maximum number of wavelengths). The spectra measured were 

called A&, the r’th element of each spectrum represents the absorbance change measured at wave- 
length 1, and at time t after the flash or after the contmuous light IS turned on Now at each time t 

the followmg relatronshrp holds 2, = N’, * x,+z2 Y,+??~ * zt, where xt, yt and zl represent the 
amount of P-555, P-551 and constant functron respectively at time t. These three numbers can be 

seen as the elements of a column vector S, = 
- II 2 and the three vectors ??i can be seen as the rows of 

t 

the matrrx ‘;3. The relatronshrp can be written as 2, = N’ S, Because the number of equations (e g 

equal to the number of recordings, or the drmensron of Aft) IS m general much larger than the 
number of unknown variables (3) m most cases no exact solutron of thus problem exrsts. But an 

_. 
approached solution for S, can be found m such a way that C, (J4,--$* Sfz = mmrmum using the 
method of calculatron grven m ref. 19. 

late the kinetics of c+-551 and c+-555. Fig. 5 shows the result of this calculation; Fig. 
5 left represents the concentratron of c+-555 as a function of time, the middle figure 
the concentration of c+-551 and the right figure the carotenold shift component. From 
these results it IS obvious that the oxidation of c-551 is essentially concomitant with 
the partial rereductlon of ~‘-555, the third component shows no time dependence (on 
this time scale) which is contimed by kinetic measurements at 490 nm. The calculated 
half time for c+-555 reduction is approximately 0.4fO.l ms which is in accordance 
wrth the decay trme at 422 nm (Fig. 1, insert). From the kinetics for c-551 oxidation 
and c+-555 reduction we estimate that c-551 reduces 60-70 ‘A of the c+-555. Simrlar 
calculations as shown m Fig. 5 using difference spectra obtamed after double flashes 
spaced 6 ms apart indicate that on the second flash again c-555 is oxidized, the ampli- 
tude is approximately 70 y0 of that on the first flash, but no c-551 oxidation IS detect- 
able. The result of the calculation IS in good agreement with the experiment shown in 
Fig. 1. The kmetics displayed in Frg. 5 allow us to calculate the reduced mmus oxidtzed 
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extinction coefficient of c-551: e(551)~a.ox = 13 mM - t "  cm -I  using an extinction 
coefficient e(556)reo-ox = 15 r aM-1 ,  cm-1 for cytoehrome c-555 [20]. 

The kinet]cs observed for the reaction between c+-555 and c-551 are analogous 
to those obtained before [1 ] in R. rubrum whole cells for the reaction between P+ and 
cytochrome c-420. There we found that the ratio c-420/P + was 0.5 and that each c-420 
molecule was able to reduce at least two P+ molecules (a detailed analysis of the 
kinetics suggested that the c-420 was more or less freely diffusable among 4 or more 
reaction centers). To check whether a similar model could account for the reaction 
b=tween c+-555 and c-551 we measured the &fference spectrum with flashes of several 
light intensities. Fig. 6 shows the difference spectrum obtained after a weak flash, 
which oxidized approximately 25 ~o of the c-555 which could be oxa&zed after a 
saturating flash. This spectrum indicates that now all the c+-555 is rereduced with a 
halftlme of 0.3 ms by c-551; the difference spectrum taken 3 ms after the flash does not 
show an appreciable contrlbu)lon of c+-555, in contrast to the spectrum after a 
saturating (100 ~o) flash (Fig. 2, closed circles). Repeating this experiment using 
flashes of various intensities has enabled us to calculate the amount of c +-555 which is 
still in the oxidized state 3 ms after the flash. Table I gives the results of these compu- 
tations, which are analogous to the results obtained from a similar experiment we have 
performed with whole cells of R. rubrum [1 ], indicating again that in whole cells of 
C. vinosum one c-551 molecule can reduce at least two c+-555 molecules located on 
different reaction centers If  c+-555 is reduced exclusively by c-551 the rate of  the slow 
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Fig. 6. Abso rbance  &fference spect ra  induced  by weak (2.6 ~o) xenon  flashes m whole cells o f  C. 
v m o s u m  in the  r e g m n  530-570 n m ,  at 0 15 m s  after  the  flash (C]) and  3 0 m s  after flash ( 0 ) .  The  
absorbance  o f  the  sample  ~s 0.5 at  880 n m  The  exper iments  were done m the presence o f  1 m M  o f  
o -phenan th rohne .  Fu r the r  c o n d m o n s  as m Fig. 1. 
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T A B L E  I 

c-555 and  c-551 photooxadat lon  m whole cells o f  C v m o s u m  as a f tmct lon o f  flash in tensi ty  The  da ta  
have  been calculated f rom the kinetics at a n u m b e r  o f  wavelengths  in the r e g m n  530-570 n m  after 
f lashes o f  var ious  intensities,  ana logous  to the  compu ta t i ons  used  for the  resul ts  shown  m F~g 5. 
The  percentages  are the  n u m b e r  o f  oxadlzed cy tochrome molecules per  r eac tmn center  (m percent)  
Fi rs t  co lumn  flash mtens l ty  in percent  o f  maxamum;  second co lumn:  a m o u n t  o f  c-555 oxl&zed 0 15 
m s  after the  f lash,  t turd  co l umn  a m o u n t  o f  c-555 still m the oxa&zed state 3.0 m s  after the  flash, 
four th  column" a m o u n t  o f  c-551 oxadazed 3 0 ms  after the  flash. 

F lash  intensi ty c+-555 (t = 0.2 ms )  c+-555 (t = 3 ms)  c+-551 (t = 3 ms)  
(%) (%) (%) (%) 

100 100 37 63 
8 4 72 20 52 
5 1 51 12 39 
2.6 24 1 23 

phase m the reduction of c+-555 after a strong flash will be limited by the rate of c ÷- 
551 reduction and thus will be the same as the reduction rate of c+-551 after a weak 
flash. This is indeed the case as Fig. 7 shows. The calculated c÷-555 reduction rate 
(Pig. 7, open squares) is identical to the rate of c+-551 reduction after a weak flash 
(Pig. 7, dosed circles). 

Fmally we have studied some of the kinetic properties of the c-551 cytochrome. 
The 0.3 ms reductzon of c+-555 by c-551 is not notably affected by o-phenanthroline, 
HOQNO and antimycm A The reduction of c+-551 is strongly inhabited by I-IOQNO 

• I I I I 

I I I I 
010 Q20 030 040 

t,rne (sec) 

FIg 7. Semllogar=thmlcp]ot oftheslowphaseofthereducUonofc+-555 (r]), calculatedm as=radar 
way as descr ibed in the  legends o f  Fig. 5, and  o f  the  reduc t ion  o f  c+-551 ( 0 )  after a weak  (2.6 ~,) 
intensi ty flash, measu red  at 422 n m  m whole cells o f  C vtnosum. The  absorbance  o f  the  sample  was  
0.5 at 880 nm.  Exper iments  were done m the presence o f  1 m M  o-phenan th rohne  Fur the r  condi t ions  
as in Fig 1. 
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T A B L E  II  

I m t m l  rate  of  c+-551 reducUon as a functaon of  concent ra t ion  of  H O Q N O  (A), an t lmycm (B) and 
Na2S203 ((2) calculated from the kinetics at 422 nm after weak (2 6 ~) antenslty flashes During the 
experiments reported under C, 1 rnM o-phenanthrohne was present m order to rmmmlze cychc 
reduction (wa the primary electron acceptor) so ~t was possible to study exclusively the reactmn of 
c+-551 with the exogeneous donor (see text) If o-phenanthrolme was left out, the mmal rate of c +- 
551 reductmn m the absence of Na2S2Oa was much higher (Kl. = 10--20 s-0,  but the reactmn was 
blphaslc (slow phase k ~ 4-8 s -~) Only the slow phase, which was still present after the addmon 
of o-phenanthrohne (see Fag. 8) was then stffnulated by Na2S203 addmon 

(A) FIOQNO Kl~(s -1)  (B) a n t l m y c m  Kl°(s -1) (C) Na2S203 Kl . (s  -1)  

0 1 2 0  0 122  0 8 2  
10 -T 12 8 10 -7 12 5 ] 0  - 7  8 3 
3 " 10 -T 13 0 3 " 10 -7 8 3 
10 -6  1 2 0  10 -6  118  10 -6  8 5  
3 " 10 -6  10.9 3 " 10 -6  8.1 

10 -5  81  10 - s  101 I0  - s  8.7 
3 " 1 0  -5  5 2  3 10 - s  126  

1 0 - *  1 9  10-*  9 3 10 -*  20 8 
3 10 - 4  2 2 3 • 10 -*  34.5 

10 - a  42 0 
3 10 -3 42.2 

(Table II, column 1) but only very little by antimycin A (Table II, column 2). A 
possible reason for this may be that antimycin A is a specific inhibitor of  cytochrome 
b-associated electron transport [21]. We have not been able to find a trace of  cyto- 
chrome b oxidation/reduction under various conditions, within the hmits of  precision 
of  our experiments (1 cytochrome b per 20 reactmn centers m~ght have been detected). 
I-IOQNO inhibits strongly the two reducing pathways of  c-420 in R. rubrum [1 ] and 
appears to have a simdar effect on the reduction of  c-551 in Chromattum vinosum. 

We have also investigated whether the c-555-c-551 chain is involved m the 
oxidation of a reduced sulphur compound like Na2S203, wa a non-cychc pathway. 
Table II, column 3 shows that the initial rate of  c+-551 reduction increases with 
increasing concentrations of  Na2S203. The initial rate is not linear with Na2S20 3 con- 
centration which indicates that the c+-551 does not react &rectly with the Na2S20 3 
but perhaps via an intermediate enzyme system. From our experiments it is not 
clear whether c-551 is also functioning in a cyclic pathway analogous to c-420 in 
R. rubrum. The only evidence for this so far comes from the reduction of  c+-551 in the 
absence (Fig. 8, trace A) and in the presence (Fig. 8, trace B) of o-phenanthrollne. In 
the absence ofo-phenanthrohne and Na2S203 we observe biphasic kinetics for c+-551 
reduction (fast phase, with k ----- 10--15 s - l ,  slow phase with k = 4-8 s - l ) ,  however m 
the presence of  10 -3 M o-phenanthrohne, which blocks electron transport from X -  
towards a secondary acceptor [17, 22] only the slow (k = 4-8 s-1)  phase is present. 
Experiments with very low concentrations of  NazS20 3 indeed indicated that ~t was 
this slow component which became faster after the addition of  NazSzO3. These 
experiments indicate that c-551 is involved not  only in non-cychc, but also in cychc 
electron transport via a secondary acceptor, probably ubiqulnone [22]: At the moment 
we do not know whether there are other components involved in this cyclic pathway. 
Our experiments appear to exclude a cytochrome b, which operates in this cycle in 



_o = 

t 
05  

10 

B 

198 

00 I 

01 0=2 03 
hrnelsec) 

Fig. 8. Reduction of c+-551 after a weak (2.6 %) intensity flash measured at 422 nm m the absence 
(trace A) and presence of 1 mM o-phenanthrohne (trace B) in whole cells of C vmosum.  The absor- 
barite o f  the sample was 0 5 at 880 nm Further condmons as Fig. 1. 

many other photosyntheUc bacteria [1,24, 251, and has also been suggested to func- 
tion in C. vmosum chromatophores [26]. 

DISCUSSION 

In Fig. 9 we have summarized the electron transport schemes for whole cells of 
C. vinosum (Fig. 9A) and for whole cells of R. rubrum (Fig. 9B). The scheme m Fig. 
9A is based on results obtained by several authors. The conclusion that c-552 and 
c-555 were both directly oxa&zed by P-870 and that c-555 participated m non-cyclic 
electron transport was first drawn by Duysens [3] and confirmed by more direct 
kinetic evidence by Parson and coworkers [7, 9]. Other authors provided evidence for 
the functioning of the lron-quinone complex as the primary acceptor ([refs. 13, 27 ]; see 
for a review also [ref. 28]) and for the bacteriopheophytln as an intermediary acceptor 
[29, 30, 31]. Ubiqumone also functions as the secondary acceptor pool [23, 32]. The 
location of the electron carriers with respect to the membrane is as suggested by 
Dutton and Prince [33], who reinterpreted results obtained by Case and Parson [18] 
on carotenoid bandshlfts. In this paper for the first time the role of a cytochrome 
c-551, with rather unusual properties, is decribed. Although it is present in a eoncen- 
tratmn of less than one per reaction center all electron transport via c-555 is mediated 
by this cytochrome, suggesting that c-551 is a mobile electron carrier. Cytochrome 
c-551 reacts both non-cyclic with Na2S2Os and cyclic. There were no indications for 
the parUclpation of a b-type cytochrome in the photosynthesis of intact whole cells of 
C. vmosum. The location of c-551 with respect to the membrane is probably in the 
perlplasmlc space between the cell wall and the cell membrane as suggested by Prince 
et al. for Rhodopseudomonas capsulata [34] and similar to the posiUon of c-420 m 
R. rubrum. The scheme in Fig. 9B is a copy of the scheme for whole cells of R. rubrum 
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Fig 9 C o m p a r i s o n  o f  the  electron t ranspor t  schemes  for whole cells o f  C vmosum and  R rubrum 
The  c o n s t r u c t m n  o f  th~s figure is explained in the text. The  second pho tosys t em present  m a small  
amount m R rubrum [ll has been omitted The function of c-552 is hitherto unknown It may 
functmn at very low hght intensities as suggested for c-428 in the second photosystem of R rubrum 
The number written below c-551, c-560 and c-420 represents the number of cytochrome molecules 
present per reaction center 

gwen in a previous paper [1 ] for the reaction center containing the high potential 
cytochrome c-420. 

The electron transport  schemes as shown in Fig. 9 for R. rubrum and C. 
vinosum appear  m certain aspects rather similar. In both species there is a mobile 
cytochrome (c-551 and c-420) which is revolved m both cychc and non-cychc electron 
transport.  The turnover tlmes for both cytochromes, which are determined by the 
rates of  the cytochrome reducing reaction are, under optimal conditions (excess 
amount  of  donor present) similar and are approximately 20 ms at room temperature. 
Also the oxidation times are m the same tlme range: 0 2-0 3 ms A cytochrome having 
the same spectral properties as the c-551 functtomng m intact cells can be isolated 
readily from C. vtnostlm [35]. When chromatophores are prepared by somc oscilla- 
tion, c-551 comes out, as does c-420 m R. rubrum. 

However, there are also some differences between c-551 m C. vmosum and 
c-420 m R. rubrum. When the results in Table I are compared in detail with the 
analogous experiment for R. rubrum, one observes that in the experiments with 
R. rubrum the slow phase in the P÷-870 reduction disappears when approxamately 
35 ~o or less of  the reaction centers are hit by the flash. This suggests that the reduced 
cytochrome c-420, which is present in a ratio of  0.5 c-420/reactlon center can reach 
almost any reaction center rapidly (within 0.3 ms) In the extreme case where any 
cytochrome molecule has fast access to all reaction centers complete rapid P+ reduc- 
tion will occur if  the ratio of  the number of  hits/reaction center is less than the number  
of  c-420/RC. In that case for R rubrum the maxamum flash intensity which would 
still give complete fast P + reduction, would photooxldlze 50 ~o of  the P present. I f  on 
the other hand each c-420 molecule has access to only a hmlted number of  reaction 
centers it would be nec:ssary to lower the flash intensity further to observe complete 
rapid reduction of the P + molecules, provided of course that each reaction center is 
accessible in principle to at least one c-420. 
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Thus we can see that the ratio M¢.4.2o of the maximum number of hits to give 
still a fast P + reduction and the number of reduced c-420 molecules before the flash 
(with M ~< 1) gives information about the mobility of the soluble cytochrome. For  
R. rubrum whole cells this comes out as Mc.42o = 0 35/0.5 ---- 0.7. This value is close 
to that obtained from the freely diffusable cytochrome model. In the case of C. 
vinosum using the results given in Table I we can calculate for the reaction between 
c-551 and c+-555 that the highest flash intensity at which almost complete fast c+-555 
reduction occurs, gives approxamately 25 ~ hits. There was in the experiment of  
Table I 0 63 c-551 (in the reduced state)/reactlon center so this gives Mc-551 ---- 0 25/ 
0.63 = 0.4. This is a much lower value than that obtained for c-420 in R. rubrum, 
which indicates that a smaller number of reaction centers are accessible to each c-551. 
This restricted accessibility may be caused by a stronger binding of c-551 to a hmited 
part of the membrane. That c-551 is rather tightly bound to the membrane is also 
apparent when chromatophores are prepared using a French press; in C. vinosurn 
approximately 80 ~ of the c-551 remains bound to the chromatophore membrane; in 
R. rubrum less than 20 ~o of c-420 remains bound. 

The fact that c-551 can be retained in chromatophores of C. vinosum allows us 
to study the thermodynamic properties of this eytochrome as it presumably occurs in 
sRu. We are currently investigating this and preliminary results indicate an Era, 7 = 
2604-10 mV. This would enable the c-551 cytochrome to reduce the photooxldlzed 
c+-555 (Era, 7 = 350 mV [36]) by more than 90 ~ .  

Because of the variability in concentration of an essential, mobile cytochrome 
hke c-551 m C. vinosum and c-420 m R. rubrum in chromatophore preparations, with 
which many electron transport and phosphorylatlon expenments have been done, at 
least some of the earlier conclusions based on such preparations will have to be 
revised. Specifically most schemes based on such experiments (e.g. ref. 33 Fig. 6, or 
ref. 37 Fig. 49) lack the type of  non-cyclic electron transport shown in Fig. 9. In the 
schemes for C. vinosum [33, 37] not only c-551 is absent which has a key role in the 
intact cells but in many cases a b-type cytochrome [26, 33] is placed m the cyche 
chain for which we could get no evidence in the intact cells. More expenments have to 
be done to clarify the precise role of  the soluble cytochromes in photophosphoryla- 
t~on. 
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