
BIOCHIMICA ET BIOPHYSICA ACTA 8I 

BBA 46 057 

CYTOCHROME C553 AND BACTERIOCHLOROPHYLL INTERACTION AT 

77°K IN CHROMATOPHORES AND A SUBCHROMATOPHORE 

PREPARATION FROM C H R O M A  T I U M  D 

P. LESLIE DUTTON*, TORU KIHARA*, 
JAMES A. McCRAY" AND J. PHILIP THORNBER*" 

* ,Johnson Research Foundation, University of Pennsylvania, Philadelphia, Pa. ~9 ±04 (U.S.A .) and 
* ~ Biology Department, Broohhaven National Laboratory, Upton, N .Y .  z~973 (U.S.A .) 

(Received July i3th, 197 o) 

SUMMARY 

I. The liquid dye laser (868 nm) induced spectral changes at 77°K of Chroma-  

t i u m  D chromatophores poised at different oxidation-reduction potentials, demonstrate 
that P6oo is a spectral component of the reaction center bacteriochlorophyll which 
oxidizes cytochrome C553 (t~ = 2-2.5 msec). At ~ 6 o  mV when cytochrome C553 is 
chemically reduced and its photooxidation is evident, P6oo + (formed in less than 
0.5/,sec) is reduced over a time range similar to that of cytochrome oxidation. The 
photooxidation of C553 is non-reversible; a second laser pulse induces no further 
oxidation of cytochrome C553 or P6oo. At +300 mV when cytochrome C553 is chemi- 
cally oxidized, reduction oLthe light-generated P6oo + takes longer (t, A = 20-25 msec). 
At --350 mV no laser-induced reactions are observed at 77°K since the primary 
electron acceptor of reaction center bacteriochlorophyll is chemically reduced at this 
potential. 

2. The reactions displayed by the subchromatophore preparation are essentially 
the same as those of the chromatophore. The studies indicate that the membrane is 
not an obligatory part of the early chemical events of bacterial photosynthesis. 

3. An Arrhenius plot of laser-induced cytochrome C553 oxidation suggests the 
existence of two modes of electron transfer from this cvtochrome to bacteriochloro- 
phyll +. 

4. There were no detectable differences in the reactions studied when induced bv 
laser light of wavelength 694 or 868 nm. 

INTRODUCTION 

In the previous paper 1, cytochrome C553 in Chromat iurn  D chromatophores 
appeared to be oxidized by a reaction center bacteriochlorophyll complex which in- 
cluded the spectral components P6oo, P435, P4oo and, on the basis of similar 
oxidation-reduction midpoint potentials 2, PSoo and P89o (P89o will be more precisely 

Abbreviation: E'o, the midpoint potential of an oxidation-reduction couple at pH 7- 
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ter~ned P883; see reI. 3). Since the dual wavelength spectrophotometer employed in 
these studies ~ could not time-resolve the reactions, the interactions ~)f cytochrome 
C553, reaction center bacteriochlorophyll and its pr imary acceptor in both chromato- 
phores and a subchromatophore preparation of Chromatium D have been examined 
further using 2o-nsec, 868-nm light pulses from a liquid dye laser. 

The Chromatium D subchro~natophore preparation (Fraction A) is one of three 
bacteriochlorophyll-protein complexes resolved in the fractionation studies of THORN- 
BER a. Fraction A contains the known reaction center of the organism, P883, together 
with the majority of the chromatophore-bound cytochromes. This subchromatophore 
preparation is water soluble, has no membrane and little or no phospholipid material. 
Besides some carotenoids and light harvesting bacteriochlorophyll, it contains 2-3 
heme moieties of cytochrome C555 and 6-7 heine moieties of cytochrome C553 per 
reaction center bacteriochlorophyll. The preparation has given an opportunity to assess 
the possible role of the membrane in the early chemistry of photosynthesis and to 
further establish the association with P883 of the light-induced absorbance changes at 
4 oo, 435 and 615 nm already observed in the chromatophores at 77°K. 

MATERIALS AND METHODS 

Cultural methods of Chromatium D, preparation of chromatophores, and ex- 
perimental procedures are as described previously 1. The Chromatium D subchromato- 
phore preparation used in this work was Fraction A of THORNBER 3. The laser excita- 
tion pulse was obtained from a liqtfid dye laser a pumped by a Q-switched ruby laser 5, 
or directly from the ruby laser (694 nm). The dye system used was 3,3'-diethylthiatri- 
carbocyanine iodide (about I-  lO -4 M) in dimethylsulphoxide. This provided a 2o-nsec, 
6-mJ laser pulse at 868 ~ 2 nm with a bandwidth (fullwidth at half-maximum) of about 
IO nm. The temperature of the sample was measured with a copper-constantan ther- 
mocouple attached to the reaction cuvette. 

The oxidation-reduction potential mediators used were : potassium indigotetra- 
sulphonate, E '  0 - -46 mV; potassium indigotrisulphonate, E' o --80 mV; neutral red, 
E'o --325 mV; and potassium ferricyanide, E' o +430 inV. The potential was made 
more negative with freshly prepared sodium dithionite in o.i M Tris-HC1 buffer, 
pH 7.8, and more positive with potassium ferricyanide. 

RESULTS 

Fig. IA shows the time-course of the laser (868 nm) induced oxidation of 
cytochrome C553 (421 rim) and P6oo (615 rim, the position at 77°K of the second 
bacteriochlorophyll absorption transition 7) in chromatophores of Chromatium D, 
poised at - -60  mV before freezing to 77°K; at this potential cytochrome C553 is over 
9 ° % reduced (cf. ref. I). The cytochrome is photooxidized with a half-time of 2-2.5 
msec which compares well with the value of 2.3 msec obtained by DEVAULT et al. 6 
using intact cells. A second laser pulse i rain later induces no further cytochrome 
oxidation, showing that  one flash is sufficient to drive the reaction to completion, and 
that  the oxidation is non-reversible; the non-reversibility of the reaction at 77°K 
agrees with earlier findings with continuous illumination 1,7. At 615 nm the fast (less 
than 0. 5/,sec) laser-induced photooxidation of P6oo is observed, which is followed by 
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P6oo ÷ reduction at a rate which is similar to the oxidation rate of the cytochrome 
C553. (Previously 1'7, under the same conditions but using the dual wavelength spec- 
trophotometer which had a slower response time than that of the oxidation of cyto- 
chrome C553, no P6oo reactions had been observed.) These data provide more evi- 
dence that P6oo + is the primary oxidant of cytochrome C553. Since cytochrome C553 
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Fig. i .  Kine t i cs  a t  77°K  of cy t och rome  C553 oxida t ion  and  P6oo ox ida t i on - r educ t i on  in Chro- 
mat ium D c h r o m a t o p h o r e s  poised a t  different  ox i da t i on - r educ t i on  potent ia ls .  The  ch romatophores ,  
bac ter iochlorophyl l  concn.  240 ]*M, in ioo m M  Tris-HC1 buffer, p H  7.4, con ta in ing  p o t a s s i u m  
i n d i g o t e t r a s u l p h o n a t e  ( ioo/*M),  p o t a s s i u m  ind igo t r i su lphona te  (ioo/~M) and  neu t ra l  red (ioo/~M). 
R o o m  t e m p e r a t u r e ;  a rgon  a tmosphe re .  Samples  a t  t he  appropr ia te  ox ida t i on - r educ t i on  po ten t ia l  
were t r ans fe r red  to t he  anaerobic  cuve t t e  and  frozen to 77 °K (cf. ref. I). Lase r  l ight  868 ~ 2 n m :  
e u v e t t e  l ight  p a t h  i m m .  T ime  be tween  first and  second laser  pulse,  x rain. 

transfers an electron non-reversibly to P6oo +, the fact that  a second laser flash causes 
no further P6oo reactions implies that  after the first flash the pr imary acceptor from 
bacteriochlorophyll remains reduced at 77°K, thus preventing further bacterio- 
chlorophyll photooxidation. At +300 mV (Fig. IC) when cytochrome C553 is chemi- 
cally oxidized before freezing, P6oo undergoes a reversible laser-induced oxidation; 
the second laser pulse produces the same response as that  of the first. The rate of dark 
reduction of the laser-generated P6oo + is much slower than that  observed when cyto- 
chrome C553 was the pr imary electron donor; the half-time is about 25 msec, and pre- 
sumably the reductant is the pr imary electron acceptor of the reaction center bac- 
teriochlorophyll. At these potentials at 77 °K, P435 measured at 435 nm shows similar 
laser-induced reaction kinetics as P6oo. At oxidation-reduction potentials lower than 
--300 mV (Fig. IB) there are no detectable laser-activated cytochrome C553 or P6oo 

Biochim. Biophys.  Acta, 226 (IC)7I) 8~--8 7 



~4 I'. I.. l)I"l"l'()N ~1 ~t/. 

reactions due to the cheinically reduced state of the pr imary electron acceptor of 
bacteriochlorophyll, thus corroborating the earlier findings with c~ntinuous illumina- 
tion ~. 

Using the dual wavelength spectrophotometer and exciting with continuous 
illumination at 77°K, the subchromatophore preparation of Chromati,~t~ D displays 
similar light-induced absorbance changes to those observed in chromatophore : :  
at +3oo  mV the reversible light-induced absorbance changes measured at 4oo, 435 
and 615 nm are evident, and at ~ 7  o mV these reversible reactions are replaced bv the 
non-reversible oxidation of cytochrome C553. In both chromatophore and subchroma- 
tophore preparations the relative amplitudes of the laser-induced C553 and P6oo ab- 
sorbance changes agree well with each other and with those obtained under conti- 
nuous illumination (compare findings at room temperature~),  showing that  at 77~K 
electron transport  is confined between cytochrome C553 and bacteriochlorophyll, and 
bacteriochlorophyll and its primary acceptor. 
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Eig. ~. Kinetics ~t 77~K o~ cytochmme C553 o~d~t ion ~nd P6oo oxid~io~-~ed~ct io~ in ~ s~b- 
c~rom~topbore ~ e p ~ t i o ~  of C h ~ o ~  ~ .  The subchrOm~0pb~e p~ep~r~tion, b~cte~io- 
chlorophyl l  concm z zo ~M, i~ ~o ~ M  T~is-~C1 buffe~, pH ~.o, C ~ t ~ i n i ~  ~bt~ssi~m indigotetr~- 
su]p~on~te (~oo/~M) ~nd potassium i~digot~isulpho~te (~oo ~M) w~s m~int~ined ~t ~oom tem- 
perature ~t ~ o~id~tio~-~eductio~ potential  o~ --7o ~ ~ mY; ~go~ ~tmos~be~e~ 'S~mp]es t ~ s -  
~e~red to the low-temperature cuvette ~ d  f~oze~ to 77~K. ~se~ l ight 868 ~ ~ ~m; cuvette 
~ig~t p~th z ram. Time between fi~st ~ d  second ]~se~ pulse, z rain. 

Fig. 2 shows the laser-induced interactions of cytochrome C553 and P6oo in the 
subchromatophore preparation. The traces are less noisy than those observed with the 
chromatophores because a lower concentration of bacteriochlorophyll could be used to 
obser'~e the same absorbance changes, and in the absence of membrane material, the 
subch~comatophore preparations were optically less dense. The cytochrome C553 photo- 
oxidizes with a half-time of 2.5 msec. Under the same conditions, the reduction of the 
light-generated P6oo + occurs over a similar t ime range (half-time about 3 msec), sub- 
stantiating the view that  P883 oxidizes cytochrome C553.. At potentials of about 
+32o  mV the P6oo reaction was reversible, and the rate of P6oo ÷ reduction had a 
half-time of about 2o msec. This is slightly faster than was observed in the chromato- 
phores. 

Ex¢itation of chromatophore and subchromatophore preparations with the 
ruby laser (694 nm) produced the same effects as with 868 nm light. A feature of the 
decay kinetics of P6oo and P435 after a laser pulse was that  they were usually less 
than the expected first order. However, since the absorbance changes are small, the 
observed deviations could result from other slight optical changes. 

Fig. 3 describes the temperature dependence (Arrhenius plot) of the rate of 
cytochrome C553 photooxidation in the subchromatophore preparation. From room 
temperat tue down to about I2o°K cytochrome C553 oxidation requires an activ.ation 
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energy of about 3.5 kcal/mole, but from I2o°K to 77°K the reaction rate displayed 
very little temperature dependence. The amplitude of the absorbance change at room 
temperature (423 nm) and 77°K (421 nm) was approximately the same. 
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Fig. 3. Arrhenius plot of the temperature dependence of the rate of cytochrome C553 oxidat ion 
in a subchromatophore preparation from Chfomal i~m D a. The subchromatophore preparation, 
bacteriochlorophyll concn. ~o 3 ffM, in 6o mM Tr is-HC] buffer, pH 7.o, containing the same 
mediators as described in Fig. 2, was maintained at room temperature at an oxidat ion-reduct ion 
potential of ~ 7  o ~ 8 mV; argon atmosphere. Samples were transferred to the anaerobic low 
temperature cuvette and at the appropriate temperature, the rate of absorbance change at 4~ i mn 
(423 nm at room temperature) was measured. Laser light, 694 nm. 

DISCUSSION 

PARSON s was the first to associate the time-course of cytochrome oxidation with 
the concomitant reduction of oxidized bacteriochlorophyll; in this way, P883 in 
Chromatium D has been assigned as oxidant of cytochrome C555. More recently P883 
has been shown to be the oxidant of C553 in both chromatophores 9 and in the sub- 
chromatophore preparation 1°. In the previous paper 1, evidence was presented that  
P6oo is, together with P883, a spectral component of the reaction center bacterio- 
chlorophyll involved in the oxidation of cytochrome C553. 

The light-induced reactions at 77°K in Chromatium D appear to be confined to 
non-reversible electron transfer from cytochrome C553 to reaction center bacterio- 
chlorophyll, and reversibly between the reaction center bacteriochlorophyll and its 
pr imary electron acceptor; hence, s tudy at 77°K provides a unique opportunity to 
elucidate the mode of interaction of these three electron carriers involved in the early 
phases of photosynthesis. The laser studies at 77°K presented in this paper confirm 
the conclusions 1 that  the reaction center bacteriochlorophyll donates an electron to 
its pr imary electron acceptor (Era --135 mV), and that  the bacteriochlorophyll + thus 
formed is then reduced at 77 °K by a dark process either non-reversibly at lower po- 
tentials by cytochrome C553 (half-time 2-2. 5 reset), or reversibly at higher potentials 
by  the pr imary electron acceptor (half-time 20-25 msec). At these higher potentials 
the rate of P6oo + reduction compares well with the decay rate of the light-induced 
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E P R  signal at 77°K in Chromatium. I) (r 3 ° reset) described by ~¥IcELRoY et al. n. The 
EPR signal is associated with the free radical formed during the photooxidation of 
reaction center bacteriochlorophyll, and the decay of the signal with its dark reduc- 
tion. 

The reactions and kinetics exhibited at 77'~K by the membrane-free, water- 
soluble, subchromatophore complex prepared from Chromatium D are essentially the 
same as those observed in the chromatophores. This demonstrates that the chromato- 
phore membrane is not an obligatory part of the organization of the electron carriers 
involved in the fast, early events of photosynthesis. The finding is given more sub- 
stance by the Arrhenius plot of cytochrome C553 oxidation; besides the rate of its 
oxidation at room temperature (half-time 1.2 /Asec) being of the same order as that  
described for the chromatophore or the intact celp,12, temperature dependence of the 
rate down to 77°K was within experimental error coincident with that  described by 
DEVAULT el al. ~ for cytochrome oxidation in anaerobic, intact Chromagiurn D cells. 
This suggests that  the parameters governing this electron transfer in the subchromato- 
phore preparation are unimpaired by the fractionation procedure employed during its 
isolation. However, certain of the preparations when poised at 8o mV (cytochrome 
C553 over 95 % reduced) unexpectedly exhibited significant P6oo and P435 reactions 
induced by the second and subsequent exposures to light. This suggested that  in these 
subchromatophore preparations some photosynthetic units (3o % in one of the prepa- 
rations) were devoid of cytochrome C553. However, since the overall ratio of cyto- 
chrome C553 to reaction center bacteriochlorophyll in the subchromatophore and 
chromatophore are similar (cf. refs. 3, 12), it seems more likely that  a full complement 
of cytochrome C553 was present, but part  of it was not capable of transferring an 
electron to the reaction center bacteriochlorophylD. There are 4-7 cvtochrome C553 
hemesa, ~= associated with each reaction center bacteriochlorophyll molecule, but 
previous data ~ have suggested that  only two of them are light-oxidizable at 77 'K .  
Since there are two heroes per cytochrome C553 molecule ~a, the light-oxidizable hemes 
may be parts of the one cytochrmne C553 molecule of those present in each unit, to be 
directly chemically bonded with the reaction center bacteriochlorophyll. Damage to 
this bonding in some photos~vnthetic units could explain the observation. Those cyto- 
chromes that  are light-oxidizable, however, behave as they would in the intact cell 
system. 

CHA~C~. et al. ~ considered the interesting biphasicity of the temperature depen- 
dence as due to either the existence of two modes of electron transfer in cytochrome 
C553, or to the combined effects of the different activation energies of cytochrome 
C553 and cytochrome C555. I t  has been shown using continuous illumination = and 
laser light~, ~ that  a t - - 7  ° mV, cytochrome C553 appears to be the only cytochrome 
photooxidized. This, therefore, suggests that  cytochrome C553 has two distinct 
mechanisms of electron transfer. 

It  has been postulated by some investigators 2,Is that  cytochrome C553 is asso- 
ciated with a different photosystem than the high potential cytochrome C555 in 
Chromatium D. Recent studies on this organism and its chromatophore frae- 
tions~,a,~,~°, ~ have shown that the hypothesis for two photosystems is probably in- 
correct. The research discussed here substantiates the proposal that a single photo- 
system operates for the oxidation of two cytochromes in Chromatium D : Cytochrome 
C553 is oxidized at low potentials by a bacteriochlorophyll complex identified with 
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the spectral components P6oo and P883. The latter component has, at higher poten- 
tials, been previously shown s to be the primary oxidant of cytochrome C555. 
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