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Isolated chromatophorc membranes and purified reaction ccnlrc lighl-ha~'csling B,~75 complex from the purple bacterium 
I~&r~d~3'ch~.~ .t,t'latitto.~tts have been studied by EPR spcclroscol'~y. Four haems re:earring in appn~ximatcl~' eqtlal stoichiomctrics 
ta~uld be distinguished in ehromatophores. The wPsiti,tm of their g:  peaks. Ihcir orientations with respect to the membrane and 
their clectr~chemieal properties have been characterized (g: = 3.411. E,,~ = 3211 ± 30 inV. 0": g = 3+4(J. I:,~ = 711 ± 21! ink. IY; 
g:  = 3.311, Em= 130 + 211 inV. ~1°; g: = 3.15. E.~ = 31111 :_+_ 211 mV, 9~)~1. At ambient polcnlials where only the high potential hacms 
are reduced ( > + 21M) mV). the stable phot~x~xidation ol the -~ 3110 mV haem occurred in a lraction (4(V;) of ccntrcs. ('heroical 
prereduetion of the + 130 mV hacm allo~,'s stable charge ~eparalion at 4 K in all i~f the ccntrcs. In the case t h e r e  all flrur hacms 
arc reduced prior to illumination, a subsequent stable photoxidation (at 4 K) of another hacm seems to occur, rcsuhing in 
trapping of the reduced states of  both the primary, quinonc acccptor Q.~ and bacteriopheophytin. 

Introduction 

T h e  core of  the  pho tosyn the t i c  react ion cent re  in 
purp le  bacter ia  s e e m s  to bc m a d e  up  from th ree  highly 
conse rved  pro te in  subuni t s ,  the  so-cal led L-, M- and  
H- subun i t s  [I]. In m a n y  spec ies  this  set of  subun i t s  is 
c o m p l e m e n t e d  by a cy tochrome subun i t  which is at- 
t ached  to the  react ion cen t re  on  the  per ip lasmic  side o f  
the  m e m b r a n e  and  acts  as the  immedia te  c lcc t ron  
dono r  to the  special pair  bae tcr iochorophyl l s  (tor an 
overview see  Ref.  2), 

In fact, an  early s tudy on the  c o m p e t e n c e  o f  whole  
cells to suppor t  l igh t - induced  photooxida t ion  of  h a e m s  
down to 77 K. which was taken  as a cri terion for the  
p rcscnce  o f  a react ion ccn t rc  associa ted  cy tochromc 
subuni t .  ~uggcs ted  tha t  m o s t  purple  bactcr ia  actually 
conta in  such  a subun i t  [3]. Th i s  point  of  view has  
recent ly  ga ined  fu r the r  suppor t  f rom compara t ive  s tud-  
ies by M a t s u u r a  et al. [2]. 

Abbreviations E m, rcdox mid.tint potential at pit 7.0; EPR, dec- 
Iron paramagnetic resonance: Mops. 3-N-morpholintlpropane- 
sulphonic acid; PMSF. phenylmethylsulphonylfluoride; R('. reaction 
centre complex. 

Correspondence (present address): W. Nitschkc. Institut de Biologic 
Physico-Chimique. 13 rue P. & M. Curie. 751~l'5 Paris, France. 

By far the  best charac ter ized  purple  bacterial  cy- 
t och rome  subuni t  is that  of  R h o d o p s e : ~ d o m o n a ~ "  : ' ir idis .  

due  to the availability of  a ct3stal s t ruc ture  for the Rp.~. 

t i n d i ~  react ion cen t re  [I]. This  s t ruc ture  showed that  
the cytt~.'hrome ~,ubunit con ta ined  ]oi tr  h a e m s  ar- 
r anged  in a l inear row pro t rud ing  into the per iplasmic 
space.  

The  s t ruc ture  for this tclr~lhaem cy tochrome as seen  
in the  crystal s t ructure ,  however ,  was di f tcrcnt  f rom ~ 
previously prol'a~.ed model  I~r the  react ion cent re  as- 
socia ted t c t r a h a e m  eytochromc of  the purple  su lphur  
bac te r ium ( ' h r o m a t i u m  ~ ' inoxum [4], This  model,  which 
was mainly based  on E P R  data  collected ~'n chromato-  
phores  from Ihi': bacler iunt ,  sugges ted  the p resence  of 
two parallel  and  idcntic~d pathways of  e lectron dona-  
tion to the photooxidized pr imary donor,  thc  so-called 
special  pair of  baeter iochlorophylls .  

Af te r  the  X-ray s t ruc ture  of  the  R p s .  t ' i r idts  react ion 
cen t re  was publ i shed ,  several  groul~s set  out  to assign 
spect roscopic  and  e lec t rochemical  p a r a m e t e r s  to the  
four  h a e m s  seen  in the  s t ruc ture  [5-0]. The  present  
c o n s e n s u s  is that  the  h a c m s  s eem to bc a r ranged  in the  
order : lowest  potent ia l  ~ second  h ighes t  po ten t i a l - - ,  
second  lowest potent ia l  ---, h ighes t  potent ia l  ~ special 
pair,  i.e., in an  a l te rna t ing  sequence  of low- and  high 
potent ia l  haems ,  which is in puzzl ing contras t  to ;.hat 
which would bc expected  on the  basis of  "downhill '  
e lectron t ransfer  to the  react ion cent re .  The  intcrposi-  



50 

lion ~1" a Io~-potcntial hacm bctwccn two high-poten- 
tial haems seems to bc especially unfavourable fi)r 
electron transport from the ,~ccond highest to the high- 
cst potential hacm. which nevertheless occurs at a 
relatively high rate ( - 3 #s: Refs. 10, 11). 

In summary, the physiological advantage conferred 
by the tetrahaem cytochromc and its mechanism are 
still not understood. 

Whereas the intensively studied cytochrome sub- 
units from Rps. ciridis and C. rinosum were almost 
indistinguishable with respect to their redox properties, 
the analogous cytochrome in Pdtodocychls gelat#tosus 
appeared to be rather different. Among the most obvi- 
ous diffcrcnces were the lack of a clearcut distinction 
into low- and high-potential pairs of haems and the 
ability to photooxidize a high-potential haem at cr3,o- 
genie temperatures [13]. 

Thus, the Re. gehttimJ.~u.~ cytochromc subunit ap- 
peared to be an interesting systcm in several respects, 
In this work we report the electrochemical and orienta- 
tion characteristics of this multihaem protein as stud- 
icd by EPR and compare them to those found in Rps. 
t'iridis. 

Materials and Methods 

Cultures of Rc. gelatinosus (strain 52) were grown as 
previously described [14], harvested and stored at 
-8(I°C. It turned out to be essential to harvest cells in 
the early logarithmic growth phase in order to obtain 
less viscous chromatophorc samples. 

Thawed or unfrozen (in the case of redox titrations) 
cell paste was resuspended in 20 mM Mops (pH 7.2), 
1).1 M NaCI and subsequently disrupted by passing 
through a French press cell or by a Ribi valve fraction- 
ator in the presence of DNase and 1 mM PMSF. 

Chromatophorcs wcrc scdimcnted by ultraccntrifu- 
gation and used immediately avoiding any further stor- 
age. 

Fully oxidized samples were obtained by adding 
potassium ferricyanide at 1 mM to the chromatophore 
suspension followed by ultracentrifugation, resuspend- 
ing in buffcr and rencwcd scdimcntation in thc ultra- 
centrifuge. 

The reaction centre light-harvesting B875 complexes 
were prepared according to Agalidis et al. [14]. The 
amount of haem bound to the complex was determined 
by thc pyridine haemochromogen method [15] and thc 
amount of active RC in the complex was estimated 
from the reversible absorbance dccreasc at 60() nm, 
induced by illumination with continuous saturating ac- 
tinic light (l~, = 20 mM ecm ~; Ref. 13). A c-type 
h a e m / R C  ratio of 4.19_+ 0.4 (average of 6 experi- 
ments} was found. No b-type haem was detectable in 
the respective fractions. 

Rcdox poising and redox titrations of the chromato- 
phore samples (in 50 mM Mops (pH 7.0)) were per- 
lormed in near darkness under an appropriate safelight 
essentially as described by Dutton [13]. The following 
redox mediators were used: lA-bcnzoquinone,  N,N,  
N ',N '-tctramethyl-p-phenylencdiamine, d iamino-  
diurol, variamine blue, toluylene blue, IA-naphthoqui-  
none, 5-hydroxy-l,4-naphthoquinone, duroquinone, in- 
digo tetrasulphonate,  1,4-dihydroxynaphthoquinone, 
2,5-dihydroxy-p-benzoquinone, indigo carmine, 2-hy- 
droxy-l ,4-naphthoquinone and safranine T at 100/xM, 
ferricyanide at 10 #M,  phenazine methosulphate  and 
phenazine ethosulphate at 50 #M.  Reductive titrations 
were carried out using sodium dithionite and oxidative 
titrations were done using porphyrexide. 

Oriented membrane multilayers were obtained by 
using the technique of Blasie et al. [16]: chromato- 
phorcs suspended in H ,O wcrc painted on mylar sheets 
and were dried in 90% humidity atmosphere for ap- 
prox. 24 h in darkness at 4 °C. The redox state in these 
membranes was adjusted by applying solutions of 
sodium ascorbate and sodium dithionite (in 50 mM 
Mops (pH 7.0)) to the dried membranes  followed by 
drying under a stream of argon gas in darkness. All 
angles are defined with respect to the membrane  plane. 
EPR spectra were recorded at liquid helium tempera- 
tures with a Bruker ER 300 X-band spectrometer,  
fitted with an Oxfi)rd Instruments cryostat and temper- 
ature control system. 

Illuminatkm in the EPR cavity was carried out by 
using an 800 W tungsten projector providing 16000 # E  
m-2  s-~ of white light at the EPR cavity window al ter  
being filtered through 2 cm of water and two Calflex 
filters to remove infrared radiation. 

Results 

Spectral prol~,rties oj" the reaction-centre-associated 
haems 

Fig. la shows EPR spectra in the region of the 
low-spin g: peaks recorded on chromatophores from 
Pc. gelatinosus. Two separate signals could be distin- 
guished peaking between g = 3.40 and g = 3.30 and at 
g -- 3.18 (the actual position of this peak is at g = 3.15, 
as shown below; in the fully oxidized membrane it 
appears slightly shifted towards higher g-value due to 
overlap with the other  signals). The peak around g = 
3.4 showed about the same intensity as the line at 
g = 3.15. Since the fine intensity is inversely propor- 
tional to g-value for g: lines of low spin haems [17], 
this indicated that more than one haem might con- 
tribute to this signal. 

Derivative-shaped g, lines could be observed at 
g = 2.11 and g = 2.10 (Fig. la). 
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Fig. 1. E P R  spectra taken on completely oxidized samples of (a) 
i~lated chromatophores and (b) purified RC light-harvesting B875 
complex from Re. gelatmosus.lnstrument settings: temperature, 15 K; 
microwave power, 6.7 roW; microwave frequency, 9.45 Gllz; modula- 

lion amplitude, 2.5 roT, 

Electrochemical properties 
Few or  no signals could be de tec ted  below 0 mV. 

W h e n  the potent ia l  was raised from - 4  m V  to +212  
mV, the  broad signal a round  g = 3.35 appeared .  At 
lower potent ia ls  this signal had its maximum at g = 
3.40, while at h igher  potentials  its maximum was clearly 
at a lower g-value (Fig. 2). 

The  t i trat ion curve for the g = 3.30-3.40 peak (Fig. 
4, squares)  was not  s teep  enough  to represen t  a single 
n = 1 transi t ion (Fig. 4, b roken  curve). This inability to 
fit a single one-e lec t ron  t i t rat ion curve to the data 
points  toge ther  with the  change  in peak posit ion is 
s trong evidence for the p resence  of  at least two differ- 
ent  g: signals giving rise to the observed peak. A good 
fit to the data  points  could be achieved using two n = 1 
Nerns t  t ransit ions at Em values of  + 70 mV and + 130 
mV (Fig. 4, cont inuous  line). The  relative contr ibut ions  
of  the  two componen t s  were chosen  as 1 (g= = 3.40; 
E, ,  = + 7 0  mV): 1.25 (g: = 3.30; E,,, = + 130 mV) in 
line with the theoretically expec ted  values at  these two 
g-values [17]. However,  since the respective g-values 
could not  be de t e rmined  with high accuracy (due to the 
broad,  weak signals), the  midpoint  potent ia ls  obta ined 
have an uncertainty of  + 20 mV.  

W h e n  the potent ia l  was raised from + 200 mV to 
+400  mV,  fur ther  signals appea red  (Fig. 3). The  domi- 
nant  signal peaks at g = 3.15 in the redox dif ference 
spec t rum (Fig. 3). Its t i trat ion curve is shown in Fig. 4 
(triangles). It could be fi t ted by a single n = 1 Nernst  
t ransi t ion with an E,,  o f  + 300 mV. 

It is o f  note  that in this range of  ambient  potentials  
no g= signals at g = 2.8 to 3.0 could bc detec ted .  
al though the presence  of a strong signal of  fcrricyanidc 
(which had to be used in low concentra t ions  as a rcdox 
media tor  to achieve equil ibration around +411(I mV) 
could have obscured  weak signals in this region. 

An addit ional  broad signal around g -  3.40. how- 
ever,  was seen to t i trate at potentials  be tween + 250 
mV and +350 mV (see Fig. 3). From the data points, 
an E m value of  approx. + 320 + 30 mV was es t imated 
(Fig. 4, circles). Due  to the small signal ampli tude,  it 
was not  possible to obtain a more  precise value for its 
Em. It is o f  note,  however,  that due to the very high 
g-value of  this signal, its spin concentra t ion is not 
negligible. The  stoichiometry of  all four species (taking 
the  g-value dependence  of  the signal ampli tudes into 
account)  was calculated to be 1 : 1.1 : 1.1:0.8 lor the 
signals at g+ = 3.15 (Era = +300 mV). 3.3(I ( E m = + 130 
mV), 3.40 (Era = + 7 0  mV) and 3.40 (Em +320 mV), 
respectively. 

Thus, we consider  that the signal at g = 3.40, which 
is induced at high potentials ,  represen ts  the second of  
the two high-potent ial  haems.  Its high g-value and the 
result ing low signal ampli tude prec luded an estimation 
of  its midpoint  potent ia l  accurate enough to he certain 
whe t he r  it it is higher  or lower than that  of  the g = 3.15 

3.3 
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Fig. 2. EPR ~pcctra of chromatophorcs from Re. gelatinosus taken at 
two ambient potentials in the range where only the low-potential 
haems change their redox slate. At +85 mV predominantly the 
lowest potential hacm is oxidized, whereas at + 212 mV both low- 
potential haems are fully oxidized. AI + 212 mV the two high-poten- 
tial haems are still fully reduced and therefore do not contribute to 

the spectrum. EPR conditions are as in Fig. 1. 
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Fig. 3. EPR spectra taken on chrnmatophores from R(L getatino~u~ 
in the range of vmbicnt potentials where the high potential haems 
change their redox slate. The two h)wer traces arc absolute spectra 
measured at +212 mV (dashed curve) and at +368 mV (continuous 
cur~c). The upper spectrum represents a difference spectrum ( +  368 
mV minus +212 inV. expanded 2-fold). Since at +212 mV both 
low-potential haems arc already fully oxidized, whereas at + 368 mV 
all four haems arc oxidized, the difference spectrum shows only 
contributions arising from the two high-potential haems. EPR condi- 

tions arc as in Fig. 1. 

haem. However. the midpoint potentials of these two 
higher potential hacms are rather close, certainly much 
closer than those for the two high-polential haems in 
Rps. riridis. 

Spectral properties of the RC light-hart'estbtg 11875 corn- 
plea 

A typical spectrum of the B875 complex is shown in 
Fig. lb. The peaks at g=3 .15  and g=3.40 ,  seen in 
membrane samples (Fig. la) were also present in the 
solubilizcd complex, but the intensity of the peak at 
3.30 seemed to be diminished. Instead, an additional 
broad signal at g = 2.95 to 3.0, the intensity of which 
varied between samples, could be seen. Since the in- 
tensity of this line is smaller ~han that of any other 
peak in the spectrum, and since it peaks at the lowc.~t 
g-value, it represents only a small number of spins 
compared to the other lines of the spectrum. No signal 
could be detected in membrane samples at this field 
position (see Fig. la). Thus, we conclude that the peak 
at g = 2.95 to g = 3.0 arises from damaged material. A 
signal at this field position could also be detected in 
oriented chromatophore samples (see Orientation), 

which again might be due to the harsh treatment the 
sample undergoes during drying. Equivalent damage- 
induced peak shifts to lower g-values have been ob- 
served in Rps. ciridis [7]. 

Orientation of  the haems 
Four main peaks could be observed in the magnetic 

field region expected for t i e  g: peaks of low spin 
haems in oriented samples of WeC~,-washed membranes 
from Rc. gelatinosus (Fig. 5a). The broad line around 
g = 3.4 showed a complex orientation behaviour with 
more than one angular maximum. On turning the sam- 
ple its position varied between 3.40 and 3.35, once 
again arguing for more than one haem giving rise to 
this peak (see below). The peak at g -- 3.15, however, 
was clearly maximal at 0 ° (see also the polar plots of 
Fig. 6c). The same orientation maximum was seen for 
the broad signal at g = 2.95. This peak contained con- 
tributions from at least two different haems as indi- 
cated by the presence of a shoulder on its low field 
wing. It is of note that the line at g = 2.95 was only 
visible in oriented membranes and in the isolated B875 
complex, but could not be detected during the titration 
of chromatophores. Whereas it was only a minor peak 
in non-oriented samples of the B875 complex, it is the 

g:3 30 - 3 / 0  

° :./.,"! 
~ 10 ="  

L J' 0 J 
-100 0 t00 20ff 300 L00 

Potentiol ImV) 

Fig. 4. Redox titration performed on chromatophores from Re. 
gclutino~us at pH 7.0. The signal amplitude was measured at g 
3,30-3.40 in the lower redox potential range (squares), at g = 3.15 
(triangles) and at g = 3.40 in the high redox potential range (open 
circles). Data  obtained while titrating towards more negative ~n~ 
towards more positive ambient potenuals are denoted by filled and 
open symbols, respectively. For the case of the g = 3.15 and the 
g = 3.40 signals the curves drawn represent theoretical n = I Nernst  
curves at E m values of + 300 mV and at + 320 mV, respectively. For 
the case of the g = 3.30-3.40 peak at lower ambient potentials, a 
theoretical one component  n = 1 Nernst  curve is shown as a dashed 
line, whereas the continuous line represents the superposition of  two 
individual n = I Nernst  curves at midpoint potentials of  + 70 mV 

and + 130 inV. 
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Fig. 5. Orientation dependence of the g: signals recorded on par- 
tially urdered ehromatophores from Rc. gelatinosus. Spectra were 
taken on samples in the fully oxidized state (a) and after reduction 
with sodium ascorbate (b). Spectra shown under (c) repre~:nl difter- 
ence spectra (fully oxidized minus aseorbate reduced). Angles are 

defined with respect to the membrane plane. 

Chemical reduction of the membrane samples by 
ascorbate affected all of the peaks (Fig. 5a,b,c), but 
unequally. Fig. 6a shows the orientation dependence of 
the low field peak measured at g -  3.40. In the oxi- 
dized sample the orientation dependence was almost 
isotropic with an only weakly pronounced maximum at 
90 ° and a Icss intense additional maximum at 0 ° (Fig. 
6a, filled circles, continuous linc). After reduction by 
ascorbate, the signal intensity was reduced at all orien- 
tations, the most prominent decrease occurring at 90 ° 
(Fig. 6a, open circles, dot-dashed line). The relative 
amplitudes of the maxima were inversed in the reduced 
sample, i.e., the 0 ° maximum now being more intense 
than the 90 ° maximum. The polar plot of the oxidized 
minus reduced difference spectra demonstrated that 
predominantly a 90 ° component was reduced by ascot- 
bate at this g-value (Fig. 6a, triangles, dashed line). 
This component was attributed to the redox species 
which titrated around 320 mV at this g-value (see 
electrochemical properties). The two remaining max- 
ima in the polar plot of the ascorbate reduced sample 
must therefore arise from the two lower-potential 
haems seen during the redox titration (g: = 3.40, E m = 
+70 mV and g: = 3.30. Era= + 130 mV). The differ- 
ence in g-valuc allowed an attribution of redox- and 
orientation data by comparing the polar plots of the 
reduced sample at the two respective g-values. The 
curve representing the line intensities at the higher 
g-value emphasized the 90 ° component whereas the 
signal intensity measured at the lower g-value had its 
maximum around 0 ° (Fig. 6b). Thus, the Em = + 7(1 mV 
haem (higher g) is parallel to the membrane (g:  at 90 °) 
whereas the + 130 mV haem is approximately perpen- 
dicular to the membrane (g: at 0°). 

The peak at g = 3.15 was nicely oriented parallel to 
the membrane as seen from the polar plot of the 
difference spectra (Fig. 6c). The hacm giving rise to 
this spectral component must therefore be perpendicu- 
lar with respect to the membrane plane. 

dominant signal in the fully oxidized oriented mem- 
brane sample. Signal intensities in oriented samples, 
however, do not straightforwardly reflect spin concen- 
trations but instead depend strongly on the precise 
orientations of the respective haems and on their con- 
formational flexibility. Thus, the high signal intensity of 
the g = 2.95 peak in the oriented samples is not neces- 
sari!y due to further degradation of the sample com- 
pared to the B875 complex, but could instead be due to 
an intensity enhancement caused by the specific orien- 
tation dependence of this peak. in any case, the com- 
parison to the non-ordered chromatophore sample 
strongly suggests that this line is due to damaged 
haems with an altered EPR spectrum. Therefore, this 
peak will not be considered in the following discus- 
sions. 

Photooxidation at cryogenic temperatures 
When the sample was poised to ambient potentials 

where only the high-potential haems were re0uced, 
illumination at low temperature resulted in the stable 
photooxidation of the haem giving rise to the peak at 
g = 3.15 (Fig. 7, inset, spectrum a). ] 'he appearance of 
the haem g= signal at g = 3.15 was accompanied by the 
signal of the QA- Fe-' + complex (Fig. 7, inset, spectrum 
a). At potentials below 20(I mV, when the lower poten- 
tial haems become reduced, the photooxidation of the 
g = 3.15 haem is lost (spectrum b). The increase of the 
semiquinone-iron signal, however, demonstrated that 
stable charge separation still occured. The appearance 
of the respective haem .~ignal could not be reliably 
detected due to the much sma!!er amplitude of the g: 
3.40 peaks of the lower potential haems. 
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Therefore, the rcdox potential dcpcndcncc of stablc 
charge separation v, as monitored by plt~tting ampli- 
tudes of the O,x Fc:* signal rather than u,,ilng the ",'cry. 
weak haem peaks (Fig. 7). At potential,: below 21)11 mV 
(i.e., as the E m = + 130n,'/ hacm g.o,:s reduced), the 
amount of photorcduced O,x incrcas~.d |,y ,, factor of 
2.5. Assuming that the maximal observed O. ,Fe- '+  
signal reflects 10()r~ of the centrcs, the rest~lts indicate 
that above +2(10 mV ~tablc charge separation at low 
temperatures occurs only in 40% of the: centres. No 

I 

\ I . /  
_ + . j !  

9 0  o 

13. 

furthcr incrcasc of the photoreduced QA-Fe 2+ signal 
could be seen below 50 inV. Despite the scatter of the 
data in Fig. 7, they are roughly in agreement with an 
E,, = + 130 mV titration curve (dotted curve), rather 
than with the E m = + 7(1 mV curve (dot-dashed curve), 
howcvcr, a mean valuc of + 100 mV cannot be ruled 
out. 

A comparable study of light-induced photooxidation 
using optical methods has been performed by Dutton 
[13]. According to this study, at E h > +20(I mV only a 

I . . . . . .  
i • °J I 

I 
90* 
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3.15 

. ~ -0~ 

9 0  ° 

Fig. 6. Polar plots ol sigmd amplitudes measured on Ihe spectra in Fig. 5. The amplitude at t( = 3.40 from spectra taken on the fully oxidized 
sample (filled circle~, continuous cup(e), and on the ascorbale-reduced ,,ample (()pen circles, dot-dashed cur~c), as welt as from the difference 
spectra (Iriangle~,. (hlshcd cut ,  el  are shown in (a) ~h) compares the orientation dependence of  the signal measured at g -  3.37 (continuous 
cur~,e), i.e., emphasizing the + 711 mV haem. v, ith that of the same signal measured at 3.30, i.e., emphasizing the + 130 mV haem. The orientation 

dependence of the peak at g = 3.15 is shown in (c). 
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Fig. 7. Red(~x titration of the O,~ Fe z` signal which i~ ~tably 
photoindJc~d at 4 K. Theoretical n ~ I Nernst curve~ for E m ~ + 13(1 
mV (dotted line) and E~ = + 70 mV (dash-dotted line) arc superim- 
posed on the data points (open circles). For compari~)n, the titration 
curve for the optically monitored stable haem oxidation at 77 K 
(dashed line), measured by Dunon [13]. was normalized to approxi- 
mutely the same amplitude as our curves at + 200 mV and included 
in thi~ figure. The inset shows representative EPR spectra in the 
region of the haem t/: peak,~ and the semiquinone-iron ~ignal 
recorded after 15 minutes illumination at 4 K at + 212 mV (a)and at 
+85 mV (b). EPR condition~ for recording spectra of the hacms are 
as in Fig. I. For the observation of the semiquinone-inm signal, the 
following conditions were used: temperature. 4.5 K: microv, ave 

Ix)wet. 32 roW: modulation amplitude. 2.2 roT. 

f ract ion o f  the  total  photooxidizable  h a e m s  is stably 
photooxid ized  at 77 K, w h e r e a s  the  r e m a i n i n g  fraction 
o f  cy tochrome oxidized in the  l ight is rap:Jly ~ereduced 
by a backreac t ion  as soon as the  light is swi tched off. 
On ly  when  the low-potent ia l  h a c m s  become  chemical ly  
r educed  pr ior  to the  i l luminat ion,  the  full ex ten t  of  
stably photooxid ized  h a e m s  is a t ta ined .  The  respect ive  
curve for the  optically m e a s u r e d  photooxida t ion  o f  the  
h a e m s  at 77 K as shown in Fig. 6 of  [13] was super im-  
posed  on  ou r  own da ta  in Fig. 7 (broken  curve).  In 
addi t ion  to the  increase  a r o u n d  + 130 mV,  which  can  
be sccn  in both  our  and  D u t t o n ' s  data ,  a fu r the r  
increase  of  photooxid ized  h a e m s  at po ten t ia l s  below 
+ 50 mV was r epor t ed  by D u t t o n  (yet with a cons ider-  
ably s lower ha l f t ime of  oxidat ion),  which  obviously 
does  not  corre la te  to a fu r the r  increase  o f  the  pho to re -  
duccd  OA~Fe '+  s ignal  (our  data) .  At  po ten t ia l s  bclow 
+ 5 0  mV.  however ,  l igh t - induced  changes  in the  g = 
2.0(I region could  be s een  in ou r  spec t ra  which  were  
comple te ly  absen t  above + 7 0  m V  (not  shown).  T h e s e  
spectral  changes  were  due  to the  format ion  of  the  split 
BPhe--  signal .  T h e  intensi ty  o f  this  signal was maximal  
at abou t  0 mV.  

There fo re .  we conclude  that  at potent ia ls  where  
both low-potential  cy tochromes  were reduced,  two 
h a e m s  can be stably photooxidized dur ing  the  pcric~d of  
i l luminal ion r c suh ing  in slable t rapping  of  both Q x 
and BPhc  . 

Several a t t empt s  to observe the above descr ibed 
photooxida t ion  of  h a c m s  at low t e m p e r a t u r e  in ori- 
en ted  samples  failed. Since even in non-or ien ted  sam- 
ples. stable charge  separa t ion  at low t e m p e r a t u r e  was 
e~,~ily lost up~m aging of  the  sa '~plcs ,  we cons ider  it 
qui te  likely that  the native oxidatKm react ions  wcrc too 
labile to survivc the  drying process.  

The  l ight - induced stable oxidat ion of  a g: peak at 
3.04, however ,  could  be observed  in d i th ioni te - reduccd ,  
o r i en ted  samples .  At  this  g-value no haem signals  were 
p resen t  in tv~, non-or ien ted  samples  and  no photo-  
oxidat ion of  h a c m  could  bc observed  th roughou t  the  
range  of  ambien t  redox potent ials .  Thus ,  thc  photo-  
oxidized peak  at g = 3.04 r ep re sen t s  a tint/ fraction of  
cen t res  which b e c a m e  only de tec table  because  of  their  
low g-value.  

Discussion 

Comparisons to other studies 
T h e  data  indicate the presence  of four h a c m s  asso- 

ciated with the  react ion cen t re  in Re. getatinost~s. These  
four  h a e m s  were  d is t inguishable  with respect  to their  
o r i en ta t ions  and  midpoin t  potent ials .  Table  i s u m m a -  
rizes the  e lec t rochemical  and  or icnta t ional  p a r a m e t e r s  
as well as the  low- tempera tu re  pho tochemis t ry  of  the  
four  haems .  

Two previous  s tudies  repor ted  rcdox midpoin t  po- 
tent ia ls  for the  react ion cen t re  associa ted  ¢3'tochrome 
of  Re. gelatinosus [13. 18]. Fukushim:t  et al. [18] per-  
fo rmed  optical  equi l ibr ium rcdox t i t ra t ions on the  puri-  
fied B875 RC-cy tochrome complex.  W h e r e a s  it ~ a s  
found tha t  the  complex conta ined  four haems,  only two 
t i t rat ion waves  with apparen t  p~;tcntials of  +9(I m V  
~c ]  + 3 3 3  m V  were observed.  The  ampl i t udes  of  the  
two waves were roughly equal ,  s t rongly sugg,-st ing lhat 
each wave c tmta incd  con t r ibu t ions  f rom tv, o of  the 
f lmr h a e m s  in the  cy tochrome subuni t .  The  h a c m s  
which t i t ra ted  at 9ll m V  were spectral ly different  ( a -  
peak  at 551 rim) from those  t i t rat ing at 333 mV ( ~-pcak 
at 555 nm),  however  within each ~axc  n~ dis t inct ion 
be tween  the cons t i tuen t s  could bc made ,  

T h e  two highest-lx3tential  h a e m s  seen  by E P R  (g :  = 
3.4(1: E,,, = + 3 2 0  m V  and  g: = 3.15; E~  = +30() mV)  
most  probably  co r re spond  to the  high-potent ia l  wave 
seen  in the  optical  expe r imen t  [1~]. T h e i r  respect ive 
midpo in t  potent ia l s  are too close to be d is t inguishable  
in an optical expe r imen t  if the  peak wave leng ths  are  
similar.  The  respect ive "non-re:,olved" potent ia l  resull-  
ing from ou r  e x p e r i m e n t s  would be + 3111 inV. Thus .  
the  midpo in t  potent ia l  for the  high-potent ia l  h a e m s  
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determined by Fukushima c ta l .  [18] is similar to o:lrs 
within the limits of our experimental error. 

The two hacms titrating below 200 mV differ suffi- 
ciently with respect to g-value to be discernible. How- 
ever. even without this spcelral difference, the shape ol 
the titration curve excludes the possibility that the two 
hacms have equal midpoint potentials. Again. the mean 
value of + 100 mV which results if the titration curve is 
fitted by only one Ncrnst component, is very. close to 
the E m value of +t~0 mV determined by Ft~kushima el 
al. [18] for the titration wave of cytochromc cs~t. It is 
possible that a close inspection of the optical data 
would equally reveal two distinct components. 

Dutton [13] measured the dependence of photooxi- 
dizability of hacms at 77 K versus ambient redox po- 
tential. In contrast to all other examined species [lq] 
Re. gehtti,mus was found to bc able to pcrtorm this 
reaction already at moderately high ambient potentials 
(3511-251~ mV). An E,, of +280 mV liar both the 
reversible and the irreversible cytochrome oxidation 
seen in the optical experiments was determined, t inder  
the name condilMns we sec the g: = 3.15 hacm going 
photooxidizcd. However. duc to the intrinsically small 
signal amplitude of the 0. = 3.4 hacm. a contribution 
of this haem can not bc ruled out. 

At potentials below 150 mV the extent of optically 
determined haem photooxidized at 77 K further in- 
creased [13] and the same effect was monitored here at 
5 K for the photorcduction of O~ in EPR (Fig. 7). 
Dutton determined an E,, value of + 1311 mV for this 
reaction. From our data on QA photoreduction we 
would not be able to distinguish unambiguously be- 
tween a titratMn curve with an E., of + 1311 mV (i.e.. 
only the + 1311 mV haem contributes to this reaction) 
or with an E m of + 111(t mV (i.e.. both hacms equally 
.... minute).  However. si~:e the optical data clearly 
indicate an E,,, cI + 1311 mV. we conclude that it is 
sufficient to reduce this haem in order to ~btain 10IVY,: 
stable charge separatkm at low lemperaturc. 

This conclusion allows us to reconcile the apparent  
discrcpcncy between the E,, of + 130 mV reported by 
Dutton [13] and that of +90  mV reported by 
Fukushima el al. [18]. since Dutton's  experiments re- 
flect low-temperature photooxidation whereas Fuku- 
shima's data are based on equilibrium redox titrations. 

Interestingly, an additional increase of the extent of 
photooxidizable haem occurred below 100 mV in Dut- 
ton's optical experiment. Three different arguments 
s u g g e s t  that this additional increase is due to two 
sequential oxidations of cytochrome leading to photo- 
trapping of both O,~ and BPhe . (11 The titration 
curve seen in Dutton 's  work for this 'slowly" ,,xidized 
cytoehromc coincides well with the titration curve of 
the (g:  =3.40)  E , , =  +711 mV haem. 12) No further 
increase in photorcduced o~ was seen b. EPR at these 
potentials. (3) The split signal of the interacting BPhe 
radical [211] could bc detected after prolonged illumina- 
lion at these ambient  redox polentials. 

From Dutton's  data. it seems likely that this be- 
haviour occurs only in the fraction of eentres which are 
competent in irreversible cytochrome oxidation at high 
rcdox potentials. In addition, it is probably relevant 
that the electron donation kinetics of the low potential 
cytochromes in Rc. gelatinos'us are faster (t~ :2 of 5 /z s  
at 77 K. Ref. 211 than in Rps. ciridis (211 /zs at 77 K, 
Ref. 221. 

Comparison to Rps. ciridL~ 
Similar to Rps. riridis, the four hacms found in the 

Re. gelatinostts subunit  are all distinguishable with re- 
spect to orientation and rcdox midpoint potentials. 

Unlike the situation found in Rpx. ciridis, Re. gelati- 
IlOXll'~ is able to perii~rm stable photooxidation at cryo- 
genic tempcraturcs of the RC-associatcd hacms even 
at potentmls where only the high-potential hacms are 
reduced. This stable photooxidation, however, occurs 
only in a fraction of the ccntrcs, implying heterogeneity 
inherent in the sample. A corresponding heterogeneity 
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may explain some of the low temperature electron 
donation phenomena obscrvcd in Rps. riridi,¢. A simi- 
lar suggcstion has bccn made alrcady [23], but an 
alternative explanation involving a temperature depen- 
dent redox cquilibrium has also bccn put forward [22]. 
It is clear, though, that in R. gelatmosus, such a redox 
equilibrium mechanism cannot account for the experi- 
mental results. 

On the basis of the present experimental data, a 
structural model stipulating a haem sequence cannot 
be given. However, if a high-low-high-low-potential 
sequence is assumed in Re. gelatinosus, the less marked 
potential steps may be responsible for some of the 
differences seen in the low temperature photochem- 
istry compared to Rps. riridis. 
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