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SUMMARY 

Absorption-spectrum changes caused by illumination in photosynthetic purple 
bacteria, Rhodopseudomonas spheroides (wild type and blue-green mutant), Rhodo- 
spiriUum rubrum (wild type and blue-green mutant') and Chroma~ium, were studied. 
Low-temperature spectrophotometry was advantageously used for the determination 
of berne components. Responses of the isolated chromatophores were compared with 
those of the intact cells. 

Heine proteins were found to be functionink in the photosynthetic and respiratory 
electron-transfer system. The effect of several inhibitors, especially phenylmcrcuric 
acetate, was studied. Light-induced responses of di~erent types of cytochromes were 
analyzed. Absorbancy changes corresponding to carotenoids and bacteriocMorophyll 
were observed in certain strains a~,d preparations. Carotenoids showed evidence 
that they had some correlation with other electron-transfer catalysts. A light-induced 
change in chlorophyll was observed in R. rubrum chromatophores. There was no 
evidence of appreciable chlorophyll-absorbancy change in the intact cells under 
weak infrared illumination. A scheme for the electron-transport path in the photo- 
synthetic and respiratory systems of photosynthetic bacteria was constructed from 
these data. 

I NTRODUC TION 

In the past few years there have been a number of investigations of absorption 
spectrum changes in photosynthetic bacteria upon illumination or introduction of 
oxygen. Dt:'~'SE,~S l, and CHANCE AND SMITH I found the absorption spectrum changes 
in an anaerobic ~u~pension of RhodospiriUum rubmm during low-intemity illumi- 
nation. CHANCE AND SmTH discovered that the change was similar to that found 
after the addition of oxygen, and concluded that the illumination caused oxidation 
of more than one cytoehrome in the bacterial e~lls. 

Abbreviatimz: PMA. phenylmet~ar~ acetmte. 
" Present addrem: Department oi B~ophvuics and Biochemistry. Faculty of Science. University 

of Tokyo. Honlgo. Tokyo (Jal~m). 
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OLSON AND CHANCE 3-$ studied the light-induced cytochrome oxidation in Chro- 
malium strain D, another photosynthetic bacterium, and found that thi:~ oxidation. 
too, invoh'ed numerous cytoc.hrom__es, ~ i7, :?. rubrum. CHANC~ and SMITH A.~D 
R~IIW~ZLS observed the reversible absorption decrease, due to illumination or oxy- 
genation, at  the wavelengths corresponding to carotenoid peaks in the bacteriM cells. 
SMITH A.~D B~TSCm~FFSK~ 4 studied respirator-  and light-induced phosphor3,1atin ~ 
:.Fstems in extracts of R. rubrum. They found the two systems ~fferen~ in a nmnber of 
respects, and suggested a role of cytochrome c z in the light-induced phospho~dutien. 

Wet°, n have =ecent!y reported the temperature-independent oxidation of c-type 
cytochrome in Chroma~ium (down to 77 ° K) by bacteriochlorophyll-absorbed ~fl~ . . . .  
light, a phenomenon suggesting a mechanism for a n0n-thermal oxidation-reduction 
reaction between bacteriochlorophyli and cytochrome molecules. 

The phenomenon of appearance in chromatophores or aerobic cells of a band 
m'ound 43o m/~ by illumination has been somewhat confusing. In R. rubrum cells 
suspended in aerobic water, 13T,V~ . . . .  ~t ~ . . . .  . . . . . . . . . . . .  ,,, an increase in absorption at 432 m~ 
b," illumination. CHANCE et al. ~, ~s had previously shown that PMA treatment caused 
cytochrome oxidation in the same species, and illumination after the treatment led 
to an appearance of a 43o-m/L band. SM,,rH a a/. x~ reported that  ilhLmination of 
a PMA-treated aerobic suspension of R. rubrum or Rhodopseudomonas spheroides in- 
duced an appearance of a broad absorption peak at 434 m~. They also reported a 
similar phenomenon in R. rubrum extracts 3. From our study it is concluded that  
two different phenomena have been confused. One seems to be the reduction of a 
cytochrome of b-type by  ilhtmination in PMA-treated R. rubrum or R. spheroides cells 
or washed aerobic Ctwom~ium cells. The other is observed in R. rubrum chromato- 
phores in aerobic and anaerobic states, and it is most probably an electronic change 
of an assimilatory pigment. These two phenomena will be discussed in d 
DISCUSSION). 

In this paper, further studies of light-induced absorption spectrum changes 
will be presented. A scheme for the electron transfer system will be presented and the 
roles of electron carriers will be discussed. 

METHODS 

Culture of bacteria 

Except for wild ty l~  t,l R. sp!wroides, all bacteria were grown in a 25 ° water 
bath in full glass-stoppered bottles, illuminated by incandescent lamps of an approxi- 
mate light intensityof 16ooo lux. Fully-grown bacteria v .:; e used for the experiments. 
In many  cases observations were made with suspensions taken directly from culture 
bottles. Cells were concentrated by centrifugation and resuspended in the original 
culture medium when needed. Usually Clwomafium cells were har~'ested by centrifuga- 
tion and resuspended in a fresh medium. 

R. rtdm~m, van Niel strain x (obtained from Dr. M. D. K , ~ a d  a blue-green 
mutant  of R. f ~ , m ,  strain G 9 (obtained from Dr. J. W. NEwro,~) were grown 
anaerobically in a medium described by Gzsx a a~. t~ under ilhurdnation. R. spgeroides, 
strain ~[IC, and its blue-grt~n mnt=__nL strain UV 33. weac obtained from Dr. G. 
COHZ~-Bt~ztRE and gJc~vn in her medium ~. Unless Otherwise stated, the blue-green 
t tmtant was grown anaerobically and the ~ild type R. spiwro/d~ semi-anaerobically 

B~ochim. Bs~k~: .41c~. ~ {t9631 J-lO 
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with illumination, to minimize the irreversible carotenoid changes caused by oxygen 
mtroductiov, ~:. Chromatium strain D, presented by~IM-s. M D. KAMEN A_~D J. W 
NEWTON, was cultured in their medium m. 

Preparation of R. rubrum and Chronuaium chromatopturms 

The method of preparation of chromatophores has been described in a previous 
pape r~. 

Spectrophotometric measurements 

Absorption spectrum changes by illumination, aerebiosis, etc., were measured 
by a split-beam spectrophotometer~, *x and a double-beam speetrophotometer~, ~ 
developed in this laborato W. When necessary, a low-temperature apparatus ~ was 
modified to allow spectrophotometry, of illuminated-minus-dark samples at liquid 
nitrogen temperature. An incandescent lamp and a Kodak Wratten 88A filter 
~(removing light of wavelengths shorter than 720 mt~) furnk~,hed a near-infrared 
illumination for bacterial suspensions or chromatophores. A Coming 9788 filter 
protected the photomultiplier from the near-infrared illumination. 

Oxygen tension measurements in bacterial suspensions 

An o×ygen electrode apparatus with a collodion-coated rotating micro- 
electrode~, ~ was occ~.sionallv used for determining oxygen consumption rate and 
ascertaiifil;g whether the bacterial suspension was aerobic or anaerobic. 

F E ~ U L T S  

R. spheroides wild type 

The pigments of this bacterium were clearly delineated by the ab~lute  spectra 
at room and at low temperatures illustrated by Fig. I. Here peaks due to bacterio- 
chlorophyll (585 and 587 m~, at room and at liquid nitrogen temperatures, respective- 
ly), and carotenoids (507; 509 m/~), (476; 475 m/~), (448; 447 m/~) can be identified. 

A (ram" 
O20 

026 

Fk~. t A ~ s p e c t ~ o t ~ ~ -  
slom o4[ R. spLmroNbs cells, at 77 ° K (A) and 
zgg* K (B). ~ l:X~h lemlp~, I mm:o.54 m8 

&A 
583 

o.°, . , .  
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Fig. 2. ,:~mubmaled mi~aus dm'k dflff~rrt~ce 
spectramo~,mlsobicsuspemdmsolR, spimro- 
ub~ cellL O p t ~  p ~  lmZth. 3 mm, :.~ l mz 

d ~  w e ~ t ~ m l ,  dry , ,~e~.tlml: ~ .  ,,99 ° K. 
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In addition, the low temperature spectrum also indicates two peaks at 556 m y  and 
547 mtt which are presumably the a-bands of cytochromes..As has been pointed out 
in se.vera! t publications 4.*, these carotenoid bands are affected by illumination (Fig. 2). 
I t  is apparent that the 5o7-mt~ peak was replaced by one at 523 m/~: a similar shift 
it, • lu,ger wavelength occurred w~th the peak obseta-ed, in the ab~ lu te  spectrum 
at 476 mp  but at 472 m p  in the difference spectrum. A similar change may have 
affected the band at 448 mt~ to give a band shift from 442 mtz to 458 m~, in the dif- 
ference spec trum.  T h e  apparent shift by illumination to the longer wavelength in the 
difference spectrum was I6-x 7 m~. The peak at 427 mp in Fig. 2 is no doub* ~,-- 
to cvtochrome oxidation as will be. d i s c u s ~  later. Potassium cyanide (x-:o -3 M) 
did not inhibit the light-induced cytochrome oxidation or the carotenoid absorption 
band shift in anaerobic suspension of R. spheroides. 

The response of the carotenoids to illumination wa.s m,,re clearly shown if they 
were treated with PMA (9" I°-S M) (Fig. 3). In *.his case, the shift of the 448 m~ 
carotenoid band in the absolute spectrum (Fig. I) (445 m/~ in the difference spectrum, 
Fig. 3) to 458 mt~ was clearly defined and the shifts towards longer wavelengths, for 
the three peaks, were 13. 16 and 16 m~, respectively. 

I t  has been pointed out that  a treatment of R. rubrum with PMA causes the 
light-induced cytochrome oxidation to disappear and to be replaced by a large 
absorbancy increase at about 43 ° mt~ (see refs. 2, I3). This effect was more clearly 
reveaied in R. spheroides. Fig. 3 shows the appearance of a rather sharp peak having 
a maximum at 429 mp. Like a band observed in R. rubrum (Fig IO), this sharp band 
observed in R. spheroides is strongly suggestive of heine protein reduction. I t  is 
tentatively interpreted as reduction of a b-type cytochrome by illumination, when 
all the cytochrome components remain in the oxidized state in the pre.~ence of the 
inhibitor. This change is similar to the change observed when oxygen is introduced 
to anaerobic cells (in the opposite direction) t'. 

A study of the effect of different concentrations of PMA for prodt:cing spectral 
changes of the t~pe indicated in Fig. 3 is .~hown in Fig. 4. At a PMA c(,rtcentratit,n 
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Fig. 3. ~ - i n d u c e d  chznge m aerobic celia of 
R. s p k ~ o / ~ s  in the pre~,m~ of PMA !9" 1o-* 
M). ilhaminated mmu~ d~-k diff:: ,n:e six~- 
trmm. 0.434 m 8 dry wetsht/ml, lo mm optical 

path. Temperature. 296 ~" K. 
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Fig. 4" PMA iahibiticm of light-induced spec- 
trum c h a ~ e s  m R s p t e r o ~ s  cells A, dis- 
appeaxance of 4zT-m/~ band; B, appearance of 
4~9-mp trend in the presence o( PMA: C, dis- 
aplx.aram~ of ~o7-m/m baad. Ordimtte indPAtes 

relative mlqpfitud¢ of changes. 
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of I .  to -4 M, a large 429-m# band was observed under illumination. Higher concentra- 
tions inhibiteJ the appearance of the 429 m/, band and the disappearance of the 
5o7-m/, band (carotenoid sifift). This result is rather different from that obser~,ed in 
R. rubrum where a wide range of PMA concentrations could be employed, and t~e 
result suggests a higher SH-group sensitivity in the basic light response of R. spheroides 
than that of R. rubrum. 

No effect of carbon monoxide on the light-induced absorption spectrum change 
in the PMA-treated aerobic cells was observed. This suggests the existence of a cyto- 
chrome of b-type besides a CO-binding pigment, RHP/c~ochrome o (see ref. 17). 
i t  is also indicated that the CO-binding pigment is not located between the c~$o- 
chrome b and the photochemical reducing site. Illuminated minus dark differelce 
spectra of the PMA-treated cells with and without carbon monoxide are shown in 

Fig. 5. 

+I ./\A 
"o-oz'46o 4~o 56o)+ t ~  

Fig. 5. Effect of CO on light-induced absorption 
spectrum change in PMA-treated cells of 
R. spheroides. Aerobic cells, 0.99 mg dry 
weight/ml; ~I'M_~I, l'1o-4Af; pure CO satu- 
rated, optical path length, Io mm ; temperature, 
2<)7 ° K. A, illuminated minus dark, PMA 
added: B, illuminated minus dark, PMA. and 

CO added. 
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Fig. O. K"netics of light-induced absorption 
spectrum changes at three different wave- 
ler, gths, 427 m/~. 489 m~ and 523 m/~. Anaerobic 
suspension of R. spheroides at 2965 K, 1.44 mg 

dry weight/ml ; optical path length, lo mm. 

In Fig. 6 the time course is plotted of the absorbancy changes observed upon 
irdtiation and cessation of illumination of suspension of R. spheroides. Two carotenoid 
shifts (489 m# and 523 m;,) and one cytochrome (427 rag) were monitored. As has 
been point ~,xt out by SmTX .~st) RaM f REZ*, the carotenoid shifts appeared more rapidly 
than the cytochrome change. Oxygenation of the anaerobic suspension caused a 
similar shift of the absorption bands and a cytochrome oxidation. Here, too, the 
carotenoid shift was observed to be larger compared with the cytochrome change. 
It has been reporte,~: by CHASe# that the rate of the carotenoid change was larger 
titan that of the cytochrome change in the rapid oxygenation experiments. The more 
rapid response of the carotenoids at room ten,perature Ls a remarkable phenomenon 
since it has been observed in CIn,omatitrm that ~t~ quantum requirement for cyto- 
chrome oxidation is roughly two per electron s. If thL calue applies to R. sphmn~I~. 
and if one further assumes that the carotenoid ext i .c t ion co¢~cient  is no greater 
tlum that for cytochrome, we would conclude that the quantum requirement for the 
carotenoid shift is indeed small. 
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Bi~.-grwn mutant of R. spheroides 

With illumination or introduction of oxygen, the blue-green mutant  of R. 
sphe~oldes gave results similar to those obtained with the blue-green mutant  of 
R. vtd~mm, which will be described in this paper and a succeeding pape rt?. Results 
with the blue-green mutant  of R. spheroides were essentially the same as those of 
SSa~.TH a~qD R~_~IREzL 

R. rubrum wild type 

R. rubrum is probably the most extensively investig-~ted of the purple bactcrla 
and it was upon this organism that  both DUVSEXS: and CXA.x'cE AXD SMITH 2 made 
their original observations of the r~ponse of a single cytochrome !DCVSEXS) and a 
number of cytochromes (CHAxCE AXD SmTX) in anaerobic celL- Interestingly enough 
these cells have proved to be the mosz difficult to work with. The superpositiop, of 
cytochrome and carotenoid bands are sach that the ,,-band cannot be adequately de- 
lineated, as was pointed out in the communication of CHAXC~ AXD SmTH 2. An example 
of the complex mixed spectrum of carotenoid and cytochrome changes by illumination 
is presented in Fig. 7. 

Quinacrine . . . .  '--" ~- hydit~,mu, iu~ ~ -  , v ~  ,,~*~ or potass:um cyanide (6.5. IO-~ M) had 
little effect on the light-induced absorption spectrum change (disappearance of a 
428-m/~ band) in anaerobk R. rubrum cells. Carbon monoxide did not inhibit the 
anaerobic light-reduced change. The kinetics of the light-induced change in an 
anaerobic suspension of R. rubrum in the presence of carbon monoxide was the 
same as in untreated cells. 

I t  has been known for some time that the kinetics of absorbancy change at the 
cessation of illumination of R. eubrum is diphasic in the greater part  of the spectrum. 

:h 

Fig. 7- Illuminated minus dark difference 
spectrum of anaerobic suapen~on <,t R. rubrum 
ceils. Opt/cal path length, to ram; 1.54 mg 

dry, weight/ml; temperature, 296 ~ K. 

Fig. 8. Kinetics of absorption spectrum changes 
by illumination in anaerobic R. rubrum cells. 
Spl/t-beam apectrophoto,neter recordings at 
42o rap. 428 m# aad 43~ m/~. Optical path 
length, to m m :  : . : 6  mg d R" weight/m!: 

temperature. 2965 K. 

A typical example is pre  nted in Fig. 8. As is clear from the figure, at 428 m/,, thele 
w e r e  large rapid and .slow phases, but  at  432  mr,.  the rapid phase was small: at  42o  n ,p ,  
d e c a y  w a s  very rapid and there  w ~ ,  n o  ~ p h a ~  T h i s  phenomenon has been de- 
scn l~d  in considerable_ detail ,.', studies of C k r o m a t i ~  4 and a preliminar.¢ study has 
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been made in R. rubrurn s. A more detailed study of the fast and slow absorbancv 
changes at the cessation of illumination in anaerobic R. rubrum is indicated in Fig. 9- 
The figure shows that a pigment absorbing in the region near 425 m/~ was reduced 
much more rapidly at the cessation of illumination than that with a peak at approxi- 
mately 430 m/~. This would lead to the conclusion that a pigment of the c-t}?e pre- 
dominates iv: the rap/~l response to the cessttion of illumination while a pigment of 
the b-type predominates in the slow response. OLSO~" A.~D CHAHCE 4 postulated four 
cytochrome species ,m the basis of kinetics and spectral characteristics of absorbancy 
changes of Chromatium observed under various conditions. Of the four cytochromes 
(c,,~, c,~ 0, ct,a. s and c , , ! ,  c ,~  and c,a ~ w,'ro assumed to be reduced in the light-off 
transition under anaerobic conditi,,ms. These possibl 3, correspond to the two com- 
ponents observed !n the light-off absorbancy change in anaerobic R. rubrt¢m cells. 

AA 

0.000 

~O,00S 

+O.0JS 

Fig 9. Rapid and slow phases of light-off 
reaction in anaerobic R. rubvum cells. Optical 
path length. 1o mm; 2.t6 mg dr 3, weight/ml; 

temperature, 296 ° K. 
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Fig. lo. Illuminated minus dark difference 
spectrum of PMA-tr_,y~ted R. rubrum cells. 
"PMA~. 5" Io-4 M; optical path length. 3 mm; 

temperature, 77 ~ K and 3oo ° K. 

It  has already been mentioned that the absorbancy change caused by i!'umination 
of the PMA-treated R. rubrum cells has been observed in such a highly light-absorbing 
suspension that it was difficult positively to identify it to be a heme protein reduction. 
The width of the band seemed to vary with different experimental cor, ditions: a 
narrow peak was recorded by CHANCE AND SMITH t, while SMITH. BALTSCHEFFSKY 
AND OLSON t4 recorded a rather broad peak. In Fig. IO the dashed carve represents 
a recording at room temperature of the illumination-induced change of the PMA- 
treated R. rubrum cells and it is seen that a peak with a maximum at 43[ mp appeared. 
If this illuminated material was chilled to the temperature of liquid nitrogen and the 
spectrum again record~L it was seen that the peak was shifted to 428.5 m/~ and had 
a half width of 15 m~, a value quite in accord with the values observed for heine 
proteins under these co.lditionsSi,t*, is. I t  was ~L,'ther found that t h e  absorbancy 
change of Fig. to  did not occur if the cells were treated "with an excess of dithionite. 
"¢o eff~-~t~ o.* ~. .-~= m~aoxide upon the light-L-tduced ad~'~'ption change in the PMA- 
treated (mRs (appearance of 43z mp l ind )  was observed. These data suggest t h e  

reduction of a b-type cytochrorne by illumination in the PliffLA-trimted R. ri&mm cells. 
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Bhw.-gr~n mtaam of R. ~ m  

Through the kindness of Dr. J. V~'. NEWTON we have obtained a culturt, of this 
valuable mutant  and have been able to make more incisive studies ol the,  vrochromes 
of R. vubrum. Fig. xx represents ab~ lu te  spectra of the anaerobic cells at rc~)m temper- 
ature and liquid nitrogen temperature. At room temperature two baeteriochlorophyU 
bands were observed at 374 mr, and 587 mtt. At liquid nitrogen temperature the 
chlorophyll bands were observed at the same positions and of considerably higher 
intensity. At the lower temperature, trace C of Fig. I I  shows a peak and a shoulder 
indicating cytochrome hands in the -,-band region. A comparison of this figurc ,wt ,  
Fig. I indicates clearly the complete absence of spectroscopicalh" detectable caro- 
tenoids in the mutant  cells 

t 

t 

¢i 

i i  

' I  

/ , 

Fig ] L Absorption spectra of anaerobic suspension of R. rubrum blue-green mutant cells, A, 
298° K, optical path length 3 mm; B, 77: K, .ptical path length I ram: C, 77 K. optical path 

length 3 ram. z.4 m~ dry weight/ml in all cases. 

The illuminated minus dark difference spectrum for these cells is illustrated by 
Fig. zz. Firstly, it is apparent that the region between 45o and 53 ° m# is no longer 
obscured by carotenoid changes. A c~ochrome(s) having a Soret band at 427 m# 
was oxidized on illumination and a1~ ,,-band at 553 m# wa,~ also affected. It  is likely 
that  this change corresponds t, ~, the oxidation of cytoch~,,mes of c- and b-t3T~,, a- 
has been suggested for the wild type R. r ~ u m  on the kinetics of anaer~bic tight-off 
reaction. The existence of t h e ~  two heme components in the blue-green mutant  of 
R. n~b~m is clearly shown by low-temperature spectra in a succeeding papertL 

"I'ne components rffIected in the Soret region of the blue-green mutant  have very 
nearly the same maximum as in the wild type. If  one assumes thai the cytochrome 
complement of the mutant  is not appreciably changed: then we can interpret the 
: ' ! :nt i ty  of the major part  ,~f the cb'-C.~, at 553 m/~ in the wild type R. r ~ c u m  with 
that  a t  4 ~ '  m/,. I t  would appear mo t  the shape of the a-band observed in the stud/es 
of the wild type by  CI~NCi~ ASD S m m  i is a ,ittle affected by ~arotenoids (sp/r/lio- 
xanth/a and other components), bat  the ~-band is largely affected by carotenoidLs 
as indeed was pointed out by those autlv.rrs. 
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Chromat ium strain D 

The i l l umina t ion -mSuced  changes  of  the  .qpectrum of this microorgaai i sm h a v e  
been s tud ied  in deta i l  ~-'~, OL~,,)N AND CHANCE 3-s. I t  has been found~ hovp ; , e r ,  in 

washed Chromatium rha~ i i iumina t ion  of the  aerobic  cells caused  an inc reased  absorp-  

t ion at  432 mt~ (Fig. 13), which is s imi lar  in n a t u r e  to tha t  r e p o r t e d  for washed  
R.  rubrum It, o r  P M A - t r e a t e d  aerobic  cells  of  R. rubrum or  R.  sphg;'oides t,13. Thi~ 

migh t  be  i n t e rp re t ed  as t he  reduc t ion  of  a heme  pro te in  by  i l l umina t ion  w h e n  all  
*he l:,,me compone. t .~  ;,re iii the t ,xidized s ta te .  

W h e n  the  washed  aerobic  cells of Chromat ium were cooled down to  77 ° K with  
con t inuous  i l luminat ior , ,  the  ap l~ 'a rance  of a band  at  432 m/~ by  i l l umina t ion  was 
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0.00 4~0~ 4~0/~ " ~ "  S~--~",,. ~ " -  " 
x j  ,~ c.j,). 
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Fig  n z. Changes in al)scq)tion spectrum I).v 
illumination of blue-green mutant of R. rubrum 
(anaerobic suspension o f  intact cells). ()ptical 
path length, ;o ram: -'-4 mg dr)' weight/ml; 

temperature, 297 K. 
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Fig. x 3. Illuminated minus dark difference 
spectrum of washed aerobic Chromahum cells 
(washed |our times and resuspended in o.o5 M 
phosphate Imffer (pit 7.o)). Optical path length, 

~o , n l~  : temperature° 290 ~ K, 
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Fig. z 4. Abw,rption spectrum change in washed 
CkrowMlium cells b.v illumination (illuminated 
continuously from room temperature through 
cooling to 77 ~ K. m¢,zsured at 7T ~ K. optical 
path ]ength 3 ram). Illuminated minus dark 

d i f f e r e n c e  a f l 3 e c t r u m  

Fig. t 5. ll;,.,~inated minus dark chfference 
spectrum of w .  },~d anaerol~c Ckromatium cells 
(wubed four tzm¢= *ud r e s ~  in o.o 5 M 
~ t e  buyer tyH 7.o,~). Temperature, 

,Z~ ° K: optkal path ]ezM~h. to ram. 

B:~kK~. BIoZO~b~,~. Aaa,  66 ~tq6$) s-w6 
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replaced by. a decrease in ,L,~.., . . . . . . .  v,loa" - at. 4.~9 m~ (Fig. ._,,.,~ Tb._i¢_ striking eff~t  can be 
explained by the temperature-insensitivity of light-induced cytochrome ¢ oxidation l° 
and a larger temperature coefficient kn the cytochrome-reducing system. 

If slowly respiring washed Ci~ 'a~ium cells were allowed to become ana~'robic, 
the absorbancy change reverted to one similar to that observed by OLSO.~ ~-~D 
CH^~CE s-s as the "primary reaction". The record of this light response under these 
conditions is indicated in Fig. 15. It is seen ~.hat a cytochrome with a Soret band at 
423 m/~ was oxidized by illumination. The reversal of the direction of the light- 
induced absorption spectrum changes when the washed cells became anaerobic from 
aerobic state is shown in Fig. I6. 

&A 

• 
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Fig+ I6. Kinetics of absorption spectrum change by illumination in washed Chromatium cells 
(washed four times and resuspended in o.o 5 M phosphate buffer (pH 7.ol). at 433 m~. Aerobic 
suspension became anaerobic during measurement. Optical path length, to ram; temperature. 

296 ~ K. 

R. rubrum chromatophores 

Studies of light responses of cytocbromes in the chromatophores are of consider- 
able importance since the whole cell may show light responses not only of its chroma~o- 
phores but also of its respiratory enzymes. This may occur in cells in which no oxygen 
is evolved in photosynthesis, by direct electron transfer or by the formation of high- 
energy, intermediates which might initiate reversed electron transfer w.*°. It has, 
however, been difficult to observe clear cytochromc responses in isolated R. rubrum 
chromatophores, although some progress has already been madeg, Is. 

Upon illumination, the chromatophores isolated from R. rubrum showed in both 
the aerobic and anaerobic states decreased absorption at 387 and 6o 4 m# which can 
be attributed to bacteriochlorophyll and increased absorption at 434 m~ (Fig. I7). 
The 434-m# change was a broad band which had little resemblance to the band 
observed in the PMA-treated ¢'-'.!" ~s reported here (~ee Figs. 3 and zo) or to the 
absorbancy changes observed Jr, toe starved cells tt (c/. Fig. x3). In addition, caro- 
tenoids were still present and responded to illumination as indicated by the absorbancy 
changes in the region of 45o-55o m.a. It was noticed that the 434-m# band of Fig. z7 
did not shift its peak at low temperature, and sharpenmg of the band at low tempera- 
ture was not significant. These characteristics have not been obse,'ved in heine 
proteins:*,s~.~, m. The light-induced appearance of the 4 ~ - m ~  band in R. r ,brum 
chromatophores was not inhibited by potassium cyanide (z. xo-: M). PM.A (I- t o - '  M) 
¢~ heptylhydroxyquinoline-N-oxide (5" zo - i  M) and was ~ !  in both aerobic 
and ank.robi-', chromatophore preparations. 

The difference spectrum of the isolated chromatophores of R+ rsdwum, reduced 
minus aerobic, is illustrated in Fig. tg. Here is shown a large peak at 426 mtz which is 

]/Ot~l/I. B ~ y t  , 4 ~ .  6~" flgbJ) 1-16 
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due to c~ochromes~L While there is a suggestion of a c y t o c h r t m e  peak  a t  553 mt~, 
it appears  tha t  carotenoid p igments  make .'.his identif icat ion dubious.  

As opposed to the  kinetics of the  light responses of the in tac t  cells, r ap id  l ight-on 
and-off responses were obta ined  wi th  the  chromatophor  ~s a,zd there was no evidence 
of a biphasic respon.~e. No difference of the  response was oi~tained between the  kinet ics  

a t  387 mt~, 434 m/~ and  604 mt~ (Fig. 19). 

Chromatium chromatophores 

The chromatophores  prepared from Chromatium showed a l ight - induced re..~ponse 
shown in Fig. 20 in which the oxidat ion t,; 2 cytochrome of c- type is indica ted  b y  ,t 
t rough at  422 m/t with a corresponding a-band at  552 mt~. The absence of interference 
from carotenoids was character is t ic  of this  microorganism. When the chromatophores  
were chemical ly reduced with di thionitc ,  the reduced minus  aerobic differencc spec- 
t rum gave a typical  cy tochrome- type  curve (Fig. 21). A Soret band at  425 m a  and 
an a-band at 553 mt~ were observed. In  comparison of this  difference spec t rum 
with the l ight- induced response (Fig. 20), the shift of the  Soret band  from 422 to 

4& 
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O, OC 40 

1 / 
-0.01 \J$llt 

Fig. 17. Illuminated 
spectrum of isolated 
R. rub~um. 

minus dark difference 
chromatophores from 

Optical path length, 10 mm; 
temperature, 2960 K. 

&A i 0.~21 4~I 

L O.0O4 

Fig. I% Reduced minus aerobic difference 
spectrum of isolated chromatophores of R. 
rubrum. Optical path length, io mm; tempera- 

ture, 296 ° K. 
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Fig. 19. Kinetics of lillht-induced absorption 
change of R. r~n,um chromatophm~. Absorp- 
t im e h a a ~  by infrared Uh~m/nation recorded 
at three fixed w a v ~ :  ;187 m@o 434 mp 
and 6o4 m#. Optical path length, so ram; 

t~apenttme. ~ °  I¢. 

AA 

4 0 0 ~  6O0 ~ . I  6 0 0  m xt~# 
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Fill. 2o Absorption spectrum change induced 
by illumination in isolated Chvom~ium chrv- 
matophmx t~lluminsted minus dark differeu~ 
spectrum). ,~,~ticll path leu~.h, so mm; 

.nae~lxk; temperature. 297 ~ K. 
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425 m/z c,.t:'.d be due to the relatively small contribution of a cvtochrome of b type 
in the light-induced oxidation in the isolated chromatophores of Chromalium (as in 
anaerobic starved Chromatium cells, Fig. xSl. 

Q~ 

om om m Fig. 2I. Reduced (dithionitt, J minus aerobic 
• difference spectrum of ('h~omaltum ,h. ,J,ll~t 

o.~ ___ ~ phores. Optical path len~'h, to ram: temlxrra- 
I turt', -'~7 K. 

DISCUSSION 

There are several ways of study'ing tile mechanism~ of t,it.ctr,,n tran,ft.t and light- 
induced absorption spectrum changes in photosyntht.tic bacteria. Three kinds of 
techniques have been adopted: (at observation of dlfiert~nce spectra of suspensi.ns 
of bacteria ill two different steady states, in which .,,,ndition.~ such as illumination, 
oxygen tension, substrates and inhibitors etc., are controlled, (b) analysis of the 
kinetics of changes induced by illumination, oxygen, etc., (el isolation and reconstruc- 
tion technique: cofactors, enz~anes and particles taking part in photosynthetic and 
respiratory processes are isolated and studied in reconstructed systems. In this 
study, evidence obtained mainly by methods (a! and (b) have been presented, though 
results obtained by the third method are used to discus~ the mechanism of electron 
transfer. 

It would be convenient to present the evidence for the existence of each of llle 
heme protein components in purple bacteria in a condensed statem,.nt. The presence 
of a c-type cvtochrome (%) was shown by (al isolation and purification at s3  (b) light- 
induced absorption change in anaerobic cells~,L l°. (c) PMA-in(h.t'd ab.-.,t,tion 
change in aerobic cellst, i~, (d) ab~.rption SlX.ctrum change i:ld'.wed by heptyl- 
hydroxyquinoline-N-oxide or antinwt'in A in anaerobic cells"L The presence of a 
b-type cytochrome was demonstrated by (a) isolation and purification a4, (b) absorption 
spectrum change by oxygen intr,~tuction :7, (el light-induced absorption spectrum 
change in PMA-treated a;, .  bic ,.ells (R. rubrum and R. spheroides) or in washed 
aerobic cells (Chromatium), the fact that carbon monoxide did not interfere with 
this change indicates the prt~'nce of a b-tyl~' cvt(rchrome besides a CO-binding 
pigment. The presence of a CO-binding pigment. RH P'cytochr,,me 0 was demonstrated 
by the following data: (a) b~Aation and purification s~-za.ss, (b) absorpt,~on .spectrum 
change caused by carbon monoxidta, tT, (c) photochemical actio, spectrum of CO- 
inhibited respiration which is of cvt,,chrome 0 type and similar to the spectrun, of 
RHP--CO complex|L x. 

C~ntroversy on the appearance of a bar, d(~) around 430 mt~ by illumination in 
the chromatophores or the aerob;c cells ha~ been somewhat difficult to resolve (see 
I.~TRODUCrlON). In our study, there .,~'~nn to be present two different phenomena: 
~me is the appearance of a band with its peak at 429 to 43z mbt (zt room teml~rature; 

f l ~ m  Bwp/mvs At,~. 06 ~*~3~ t *t6 
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the peak t~)sitions show little variations in different species) in ~everal photosynthetic 
bacteria on illumination when the cells are aerobic (washed Chromatium cells) or 
treated with PMA (R. rutrrum and R. sphcroides) ; the other i:~ observed in the isolated 
R. ru~um chromatophores uI~m i!!ummation uf both anaerobic and aerobic sus- 
pensions. In the latter case, a broad band appears at 434 m y  and large troughs. 
perhaps corre.qponding to absorption spectrum change of bacteriochlorophyll, appear 
at 387 ~ad 6o4 m/~. Similar changes were observed in green plants by W['rr et a/. ~-m 
and KoK ~-4a. 

In the R. rubrum chromatophores, the 434-mt~ band was very broad and the 
band It, cation did not change by cooling to 77 ~ K. On the other haa(1, the changes 
which aerobic cells or PMA-treated cells underwent had sharper maxima at low tem- 
perature  In the latter case the positions of maxima were shiftetL ~owards shorter 
wavelengths, as usually observed in cytochromes tl.tLB. Kinetics of the changes 
were also different in these two examples. This evidence suggests two distinct mecha- 
nisms for the appearance of a band near 43o m#, one for R. rubrum chromatophores 
and another for other cases. Reduction of a b-type cytochrome by illumination in 
the aerobic or PMA-treated cells explains the latter cases. 

We do not have enough evidence to determine the chemical nature of the 434-m~ 
band in the illuminated R. rubrum chromatop~res .  OLSOY A.~D KOK ~ showed that  
the appearance of a 436-m~ band by illumination in aerobic Chromatium was not 
synchronous with changes of infrared absorption of bacteriochlorophyil, and they 
refuted the hypothesis presented by DCYSE,~S et a/. 44 that  the changes at 436 mt~ 
and in the near infrared are caused by one reaction, specifically oxidation of bacterio- 
chlorophyll. In OLsoY A.~D KOK'S ob~rvation3 there were no significant absorption 
changes between 6oo m# and 74o m#, so their results do not correspond to the 
absorption changes in R. rubrum chromatophores but probably correspond to the 
change observed in aerobic suspensions of several photosynthetic bacteria. At present, 
we are inclined to attribute the decreased absorption at 387 and 6o 4 m~ and the 
increased absorption at 434 m/~ by illumination in R. rubrum chromatophores to a 
single reaction, v/:. change of bacteriochlorophyll spectrum, which is unlikely to 
participate in the electron trxn~fer in intact cells. ARYOLD AYD CLAYTON 4s indicated 
*hat this change is electronic and suggested that  the shiit is diminisked iv. the intact 
cells to the extent that  enzymes can remove the primary excited electrons and 
positive holes. I t  is still to be decided whether this electronic change corresponds 
to an accumulation ot primary excited electrons and holes which can be translerred 
to the electron transport system or whether this is a ~condary  phenomenon induced 
by the charge separation. In intact cells the first substance to be oxidized by accepting 
a positive hole (or giving an electron) has been found to be cytochrome c by the 
present authors~°, n. 

The temperature-insensitivity of cytochrome c oxidation in Ckromatium cells 
by imr. .¢d :.~bimination suggests the process for direct positive hole (or electron) 
transfer bei~,~-n bacteriochlorophvil and cytochr.Jme molecules without inter- 
molecular collisionst*, n. The slight temperature-dependence of the light-induced 
cytochrome oxidation in the Clm, oma6mm ,. ~hromatophores might be a result of poorer 
association between bacteriochlorophyll a~.~ cytochrome molecules, though the 
dependence is small and we could observe th, light-induced change at aos* K. 
Temperature-sensi t i~ light-induced reactions were observed in R. rau~ma and 
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R. sph~oidcs. The sensitivity is prob,~bly due to the decrease of the reduced form 
of heine proteins in the cells eooied to lower temperatures. The difference of the 
temperature coeffLcients between reductase and oxidase system.s might affect the 
steady-state oxidation level of cytochromes upon cooling. 

It  is unlikely that carotenoids are situated in the main path of electron transfer 
in the photosynthetic and_ r~pira tory s.~stems because other electron carriers function 
normally in :arotenoidless mutants of R. @k~oid~ and R. rubru,n. There is .no 
indication of participation of carotenoids in Chromatium either. But the changes in 
the carotenoid absorption spectrum induced by light or oxygenation suggest to us 
that the change in the absorption spectrum of carotenoids is caused by the ~.v:, 
elec:rons between the carotenoid molecule and other el~tron carriers. T~e change 
ia the carotenoid steady state caused by addition ~" -~ imycin  A or heptylhydroxy- 
quinoline-N-om~_-~ alca~ s u ~ t s  this possibility. A shnilar dlange in the stead), 
state of carotenoids was al,~o observed in R. spheroides when thv anaerobic cells were 
subjected to cooling ~. These data can be interpreted as a deman, tration of di~erent 
temperature coe~eients or different sen~ith'ities to inhibitors in electron-donating 
and-accepting systems for carotenoids, rather than the result of different sensitivities 
of carotenoid.s directly to oxygen or l~ht  in different conditions. The apparent 
absorption band shift of x6--x7 m~, towards longer wavelengths in the difference 
spectrum (the real band shift might possibly be a few m~ smaller) can be attributed 
to an increase of the effective length of ~-electron system in the conjagated polyene 
chain (addition of one C-C unit to the conjugated system) or an intreducfion of a 
bathochronmtie group (addition of -OH, etc.). 

The characteristics of heine protein components in photosynthetic bacteria a~ e 
discussed in detail in the succeeding paperst?, m. It is indicated that in the light-~,lduced 
electron transport, the c-type cytochrome accepts positive holes from (or transfers 
electrons to) the excited bacteriochlorophyll molecules (primary photochemical 
process?). On the other hand, the b-type cytochrome is located nearer to the photo° 
chemicai reducing site, and its reduction by illumination is observed in PMA-treated 
R. rubrum and R. spheroides or washed aerobic Ck, romatium The pre~nce of heptyi- 
hydroxyquinoline-N-oxide or antimycin A blocks the reaction between these two heme 
components in photosynthetic and respiratory electron transport and induces an 
interesting crossover phenomenon t*. A CO-binding pigment. RHP/cytochrome o 
has been shown to be active as oxidase in dark-grown R. TUbTUm I?.N. The fact that 
carbon monoxide did not inhibit the photochemical reduction of the b-type cyto- 
chrome suggests that RHP]rytochrome 0 is not located between the cytochrome b 
and the photochemical reduci:tg slte, 

The presence of ubiquinone/coenzyme Q in photosyylthetic bacteria is reported 
by LESTgn A.~D CRA.~E ° .  In both the wild and the blue-green mutant of R. rubrum. 
we n obtained data which suggest the aerobic-anaerobic transition of the substance. 
Homo AgD K . ~  ~ reported ttw pyridine nucleotide-hemoprotein reductase and 
photophoaphorylation-activating protein. Both (same protein?) me, m to contain 
flavin. B A t , T S C ~ K V ' ~  findings ~ that FAD r.~:tored photophosphorylathm activity 
of quinacrine-inhibRed R. ~ chromatophores also suggests part:~ipation of 

,flavin in photosynthetic bacteria, 
F ~ m i X L " , " .  Dvvs t~s  a ~ . ' - " .  V ~ s o s  ~ - ~  and Or,sos a d .  ~ -~  reported 

the light-induced reduction of ,i~ridine nucleotide in purple bacteria and chrmnato- 
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phores .  I t  is l ike ly  t h a t  p y r i d i n e  nuc leo t ide~  a n d  f l a v o p r o t e i n s  a r e  l o c a t e d  n e a r  t h e  

p h o t o c h e m i c a l  r e d u c i n g  s i te  i rLthe p h o t o s y n t h e t i c  r e d o x  c h a i n  (d i r ec t l y  o r  i nd i r ec t l y ) .  

T h e  l i g h t - i n d u c e d  r e d u c t i o n  of t h e  b - c o m p o n e n t  of c y t o c h r o m e  u n d e r  c e r t a i n  co:t¢li- 

tion.~ m i g h t  occu r  t h r o u g h  these  e l ec t ron  caxr iers  in  p h o t o s y n t h e t i c  b a c t e r i a .  

c~  c~t 

~ "HP' el; ' *  * ' 0  ; " 1 ~ O* 0 * 

Cyto b~r-E-Fp( e" PN 
L ......... %¢__~.__. 

Substr 
Fig. 22. Scheme of electron-transferring system in R, ~pheroides and R. rttJorum. Chromatium and 
blue-green mutants  of R. spheroides and R. vubrum ha, 'e essentially the sa,ne system with the 

exception of evidence of carotenoid participation. 

Cons ide r ing  t h e s e  r e s u l t s  we p o s t u l a t e  a s c h e m e  for  t h e  e l e c t r o n  t r a n s f e r r i n g  

s y s t e m  in p u r p l e  b a c t e r i a  (Fig. 22). T h e  wi ld  s t r a i n s  of R.  rubrum a n d  R. spheroides 
h a v e  e s s e n t i a l l y  t h e  s a m e  s y s t e m ,  w h e r e a s  Chromatiura a n d  t h e  b l u e - g r e e n  m u t a n t s  

of R. spheroides a n d  R.  rub~um seem to  h a v e  t h e  s a m e  s y s t e m  e x c e p t  t h a t  t h e r e  is 

n o  ev idence  of c a r o t e n o i d  p a r t i c i p a t i o n  in t h e s e  s t r a in s .  T h e  ro le  of  R H P / c y t o c h r o m e  0 

in t h e  s t r i c t  p h o t o a n a e r o b e  Chromat ium is s t i l l  t h e  s u b j e c t  of  f u r t h e r  i n v e s t i g a t i o n .  
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