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Summary 

The majority of  photosynthet ic  bacteria possess bacteriochlorophyll a, but 
two species, Rhodopseudomonas viridis and Thiocapsa pfennigii, possess bac- 
teriochlorophyll b, which absorbs at significantly longer wavelengths. The reac- 
tion center of Rps. viridis has been extensively studied; this paper presents 
studies on the reaction center of T. pfennigii, with the following results. 

(i) The "primary donor"  bacteriochlorophyll dimer of T. pfennigii has a 
midpoint  redox potential  of +490 mV at pH 7, and the oxidized form has a 
gaussian EPR signal centered close to g = 2.0025 with a peak-to-peak width of 
13 G. The zero field splitting characteristics of the light-induced triplet state of 
the bacteriochlorophyll dimer, seen when the "primary acceptor" is reduced 
before illumination, are D = 158 • 10 -4 cm -1, E = 39 • 10 -4 cm -1. These EPR 
properties are very similar to those of the bacteriochlorophyll dimer of Rps. 
viridis, and are quite distinct from those of bacteriochlorophyll a-containing 
species. 

(ii) The intermediary carrier, I, which is probably a bacteriopheophytin b 
molecule in close association with the "primary acceptor",  can be trapped in 
its reduced form by the illumination of  appropriately poised samples at 200 K. 
The EPR signals associated with I- are very similar to those of Chromatium 
vinosum, with the majority of the spins being observed in the form of a broad 
signal centered close to g = 2.003, and split by 68 G; the magnitude of the 
splitting of this signal is only half that  seen in Rps. viridis. We have been unable 
to measure the E m of the I/I- couple in T. pfennigii. 

(iii) The "primary acceptor" of T. pfennigii is very similar to that  of the 

Abbreviations: BChl a, bacteriochlorophyll a; BChl b, bacteriochlorophyll b; (BChl)2, bacterio- 
chlorophyl l  dimer. 
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majority of other purple bacterial species, being characterized by an EPR sig- 
nal at g = 1.82 and g = 1.62. The Em of the redox couple is pH-dependent 
below pH 6.5, and the E m of the unprotonated couple, which is believed to 
function in electron flow, is --130 mV. 

(iv) Four cytochrome hemes can apparently dona te  electrons to the photo- 
oxidized bacteriochlorophyll dimer free radical cation, two of cytochrome 
c-555 (Em7 = 340 mV) and two of cytochrome c-550 (Era7 = 0). If all are re- 
duced prior to illumination, the latter are preferentially oxidized. 

(v) The carotenoid bandshift  of T. pfennigii can be interpreted as indicating 
that  the bacteriochlorophyll dimer is located near the middle of the membrane 
dielectric, with the high potential cytochrome c-555 closer to the inside, and 
quinone • iron closer to the outside of the chromatophore membrane. The low 
potential cytochrome c-550 seems to be nearer the outside of the membrane 
than the bacteriochlorophyll dimer. 

Introduct ion 

The early steps of  purple bacterial photosynthesis occur within the photo- 
chemical reaction center, where an actinic photon causes the oxidation of a 
bacteriochlorophyll dimer, (BChl)2, and the reduction of an intermediary elec- 
tron carrier, I, which probably involves a bacteriopheophytin.  The light reac- 
t ion is then effectively rendered irreversible as the electron on I- reduces the 
"primary acceptor",  a quinone • iron complex. Recent reviews on these early 
events, and on the components  involved, can be found in ref. 1--3. 

The majority of photosynthet ic  bacteria possess bacteriochlorophyll a (BChl 
a) but  two apparently unrelated species have been isolated which contain bac- 
teriochlorophyll b (BChl b). These are Rhodopseudomonas viridis, originally 
known as Rhodopseudomonas sp. [4], and Thiocapsa pfennigii, originally 
known as Thiococcus sp. [5]. In both these species, the absorption maximum 
of the light-harvesting pigments is beyond 1000 nm, whilst species containing 
BChl a have their absorption maxima below 900 nm. This difference is also 
seen in the reaction center components;  BChl a-containing reaction centers 
have absorption maxima near 870 nm, while the BChl b-containing reaction 
center of Rps. viridis has its absorption maximum at 985 nm [6]. In a previous 
paper [7] we discussed how this difference in wavelength maxima might be 
reflected in different thermodynamic properties of  the primary reactants, and 
measured these parameters in Rps. viridis. Several differences were apparent, 
but  it was not  clear whether these reflected fundamental  differences between 
BChl b and BChl a containing reaction centers, or rather differences peculiar 
to Rps. viridis. In order to distinguish between these two possibilities, this 
paper presents the thermodynamic properties of the reaction center of another 
BChl b-containing organism, Thiocapsa pfennigii. 

Materials and Methods 

Thiocapsa pfennigii 9111 was grown in the laboratory of Dr. John Olson at 
Brookhaven National Laboratory as previously described [8], and the cells 
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were stored at --20°C until required. Chromatophores were prepared using a 
French pressure cell [9]. Optical and electron paramagnetic resonance (EPR) 
spectroscopy were performed with the rapidly responding dual wavelength 
spec t rophotometer  [9] and Varian E-4 and E-9 spectrometers equipped with 
flowing helium cryostats (e.g., ref. 7) previously described. Redox potent iometry  
followed the method  of  Dut ton  [10]. 

The actinic light for the optical experiments was provided by a xenon flash 
lamp {full pulse width at half height = 6 ps) shielded by a Wratten 88A filter. 
In some experiments a Q-switched ruby laser (Apollo Laser Inc., Calif., Model 
22HD) capable of producing either a single 20-ns pulse, or two such pulses sep- 
arated by 450/~s, was used. 

Results 

The primary donor (BChl)2 
Fig. 1 shows a flash-induced spectrum of the reaction center absorption 

changes in t he  600 nm region, together with a redox titration of  the change. 
The maximal absorption change in the 600 nm region was at 610 nm, and the 
oxidation-reduction midpoint  potential  (Em) at pH 7 was +490 mV. 

Fig. 2 shows the EPR spectra of  the primary donor of T. pfennigii. On the 
left is the light induced signal seen when quinone ,  iron was in the oxidized 
state prior to illumination, corresponding to the (BChl)2 cation radical, (BChl)2 +.. 
The signal is gaussian in line shape, and is centered close to g = 2.0025. The 
peak-to-peak linewidth is approx. 13 G. 

On the right of  Fig. 2 is the light induced spin polarized triplet or "biradical" 
signal of  the (BChl)2, seen when the primary acceptor was reduced prior to 
illumination. The zero field splitting parameters are D = 158 • 10 -4 cm -1 and E 
= 39 • 10 -4 cm -1. 

c-Type cytochromes associated with the reaction center 
T. pfennigii possesses several c-type cytochromes [11],  but  as suggested by 
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Fig. 1. Flash i n d u c e d  s p e c t r u m  and  r e d o x  t i t r a t i o n  o f  t h e  r e a c t i o n  c e n t e r  of T. pfennigii. C h r o m a t o -  
pho res  (26 /zM BChl) were  s u s pe nde d  in 20 m M  N - m o r p h o l i n o - p r o p a n e  su l fona te ,  100  m M  KC1 wi th  
100  pM po t a s s i um  fe r r i / fe r ro  cyan ide .  T h e  t o t a l  f lash ae t iva tab le  (BChl) 2 was  m e a s u r e d  10 ms  a f t e r  
fou r  nea r - sa tu ra t ing  f lashes  s e p a r a t e d  by  25 ms.  2 pM v a l i n o m y c i n  was  p re sen t  to  collapse t h e  c a r o t e n o i d  
bandsh i f t  (Fig. 7). 
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Fig.  2.  E P R  p r o p e r t i e s  o f  t h e  (BChl )  2 o f  T. pfennigii. C h r o m a t o p h o r e s  (1.1 m M  BChl)  we re  s u s p e n d e d  in  
t h e  b u f f e r  u s e d  in  t h e  e x p e r i m e n t  o f  Fig.  1 in  t h e  p r e s e n c e  of  a f ew  c r y s t a l s  o f  a s c o r b a t e  ( lef t )  o r  d i t h io -  
n i t e  ( r i gh t )  t o  r e d u c e  t h e  (BChl )  2 a n d  Q F e  r e spec t i ve ly .  B o t h  s p e c t r a  a re  l i g h t - m i n u s - d a r k  d i f f e r e n c e  spec-  
t r a ,  a n d  w e r e  r e c o r d e d  a t  6 K.  E P R  s p e c t r o m e t e r  se t t ings :  m i c r o w a v e  p o w e r ,  1 roW; m o d u l a t i o n  amp l i -  
t u d e ,  5 G f o r  t h e  s p e c t r u m  o n  t h e  l e f t ,  1 2 . 5  G f o r  t h e  s p e c t r u m  o n  t h e  r igh t .  

Olson et  al. [8] only two are associated with the reaction center. Fig. 3 shows 
the a-band region of  their absorbance spectra; at high potentials, a cytochrome 
with an a-band maximum at 555 nm was oxidized by a single-turnover flash of  
light, but  at lower potentials this was replaced by another cy tochrome with an 
s-band maximum at 550 nm. Both cytochromes were oxidized within the 
resolution time of the spect rophotometer  (100 ps in these experiments),  and 
took  hundreds of  milliseconds to go re-reduced. This rate of  re-reduction was 
unaffected by uncoupling agents or by antimycin, suggesting that the cyclic 
photosynthet ic  electron flow system seen in whole cells [8] had been disrupted 
during the preparation of  the chromatophores.  A single 20-ns ruby laser pulse 
oxidized approximately half of  the total complement  of  either cytochrome,  
depending on the ambient  redox potential,  while two such pulses, separated 
by 450 ~s, oxidized more than 85% of the total cytochrome.  This suggests that  
there are two hemes of  each of  the two cytochromes per reaction center. 
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Fig.  3.  F l a sh  a c t i v a t e d  s p e c t r a  a n d  r e d o x  t i t r a t i o n  o f  t h e  c - t y p e  c y t o c h r o m e  a s s o c i a t e d  w i t h  t h e  r e a c t i o n  
c e n t e r  o f  T. pfennigii. C h r o m a t o p h o r e s  ( 2 0  p M  BChl)  w e r e  s u s p e n d e d  in  t h e  b u f f e r  u s e d  in  t h e  exper i -  
m e n t  o f  Fig.  1,  t o g e t h e r  w i t h  1 0  p M  e a c h  o f  2 , 3 , 5 , 6 - t e t r a m e t h y l  p h e n y l e n e d i a m i n e ,  N - m e t h y l  p h e n -  
a z o n i u m  m e t h o s u l f a t e ,  N - e t h y l  p h e n a z o n i u m  e t h o s u l f a t e ,  2 - h y d r o x y - l , 4 - n a p h t h a q u i n o n e  a n d  p y o c y a -  
n ine  as  r e d o x  m e d i a t o r s .  2 #M v a l i n o m y c i n  w a s  p r e s e n t  t o  co l l apse  t h e  c a r o t e n o i d  b a n d s h i f t  (Fig .  7).  O n  
t h e  l e f t  o f  t h e  f i gu re  are t h e  c h a n g e s  m e a s u r e d  1 0  m s  a f t e r  a s ingle  t u r n o v e r  f lash ,  a t  a m b i e n t  p o t e n t i a l s  
o f  + 1 4 2  (+5) m V  o r  - - 7 7  (+5) inV.  T h e s e  give t h e  spec tra  o f  t h e  h i g h  p o t e n t i a l  a n d  l o w  p o t e n t i a l  c y t o -  
c h r o m e s ,  r e s p e c t i v e l y .  O n  t h e  r i g h t  o f  t h e  f igu re  is a r e d o x  t i t r a t i o n  o f  t h e  a b s o r b a n c e  c h a n g e s  m e a s u r e d  
a t  5 5 5 - - 5 4 0  n m .  
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On the right of  Fig. 3 is a redox titration of  the cy tochrome oxidation after 
a single turnover flash: the line drawn through the points represents the theo- 
retical curve for a reaction center which possesses two identical high potential  
(Em7 = 340 mV) cy tochrome c-555 hemes and two identical low potential  
(Era7 = 0) cy tochrome c-550 hemes, where the low potential cy tochrome is 
preferentially oxidized if all the cytochromes are reduced prior to activation. 
All cy tochrome oxidation ceases at low potential as the "primary acceptor"  
QFe is reduced prior to activation. 

The primary acceptor QFe 
Fig. 4 shows the results of  experiments similar to that of  Fig. 3, where the 

Em of the primary acceptor  was measured as a function of  pH. The data can be 
separated into a region where the Em varies with pH by --60 mV/pH unit, and a 
region where the Em is pH-independent,  the junction between the two regions 
being at pH 6.5. As will be discussed later, this indicates a pK on the reduced 
form of the primary acceptor.  In all cases the titration indicated that  the redox 
reactions of  the primary acceptor  involve only a single electron (n = 1). 

The EPR spectrum of the "primary acceptor"  is shown in the top right of  
Fig. 6; like that  of  Rps. sphaeroides [12,13] Chromatium vinosum [14] and 
Rps. viridis [7] it is characterized by a prominent  signal at g = 1.82. 

The intermediary electron carrier I 
In those species which possess cytochromes capable of  donating electrons to 

the reaction center at low temperatures,  I can be trapped in a reduced state by 
the illumination of  appropriately poised samples at 200 K [15,17].  With QFe 
chemically reduced prior to illumination, photochemistry within the reaction 
center is limited to the transient oxidation of  (BChl)2 and reduction of  I, which 
prompt ly  relaxes (see ref. 1). However, the low potential c-type cytochrome 
hemes are capable of  irreversible reduction of  (BChl)~ at low temperatures,  and 
although this is very slow compared to the re-reduction of  (BChl)2 +" by I:~ the 
irreversible nature of  the cytochrome oxidation eventually results in the photo- 
chemical trapping of  I-, solely at the expense of cytochrome oxidation [15-- 
18]. In both C. vinosum and Rps. viridis this reaction has a halftime of about  
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Fig.  4.  T h e r m o d y n a m i c  p r o p e r t i e s  o f  t h e  "pr imary  a c c e p t o r "  o f  T. p fenn ig i i .  T h e  f igure  p r e s e n t s  data  ob-  
t a i n e d  f r o m  e x p e r i m e n t s  s imi la r  t o  t h o s e  o f  Fig.  3, w h e r e  t h e  E m o f  the  "pr imary  a c c e p t o r "  w a s  de t e r -  
m i n e d  f r o m  t h e  a t t e n u a t i o n  o f  c y t o c h r o m e  o x i d a t i o n  or  t h e  c a r o t e n o i d  b a n d s h i f t  (Fig .  8) a t  l o w  a m b i e n t  
po ten t ia l s .  
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Fig. 5. EPR p rope r t i e s  of  I: in T. pfennigii. C h r o m a t o p h o r e s  (1.1 m M  BChl) were  suspended  in the  b u f f e r  
of  the  e x p e r i m e n t  of  Fig. 1, w i th  a few crys ta ls  of  d i th ion i t e  to  r educe  QFe.  Th e  sample  was  cooled  to  
2 0 0  K, i l l umina ted  for  5 rain (see refs.  15 - -18 )  a nd  t h e n  coo led  to  77 K un t i l  m e a s u r e m e n t s  were  m a d e  
in the  s p e c t r o m e t e r .  The  spec t ra  were  t a k e n  a t  t he  t e m p e r a t u r e s  ind ica ted  at  a m i c r o w a v e  p o w e r  of  10 
mW a n d  a m o d u l a t i o n  a m p l i t u d e  o f  5 G. 

30 s at 200 K, and about  60 min at 77 K, although both these rates are limited 
by the actinic light intensity [15--18]. 

Fig. 5 shows the EPR spectra associated with I- in T. pfennigii trapped by 5 
min of illumination at 200 K; they are very similar to those seen in Rps. viridis 
[17] and C. vinosum [15,16] although they are more similar to the latter. At 
low temperatures (<15 K), I- is seen as a signal which is split by about  68 G 
around g ~ 2.003. This signal is very difficult to saturate with microwave power, 
but is hardly detectable at temperatures above 17 K. There is also a small 
amount  of unsplit radical in I-, which is readily saturated at low temperatures. 
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Fig. 6. T h e  revers ib le  r e d u c t i o n  of  I:, a nd  its e f fec t  o n  Q;Fe.  Th e  sample  was t h a t  used  in the  e x p e r i m e n t  
of  F igure  5, and  s imilar  i n s t r u m e n t  set t ings were  used.  The  t e m p e r a t u r e  was  6 K, 
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This signal is als0 centered close to g = 2.003, with a peak to peak linewidth of  
about  12 G. However,  it appears to account  for less than 10% of the total  elec- 
tron spins in I-. 

At higher temperatures (above 15 K) the broad split signal is replaced by a 
narrower, unsplit signal which is still centered close to g = 2.003, and which is 
16 G wide at 20 K. This signal has a line shape intermediate between gaussian 
and lorentzian, and is difficult to saturate with microwave power. 

The photochemical  trapping of  I- is readily reversed (Fig. 6) by thawing the 
sample, because the warmer temperatures allow the oxidation of  I- and the 
reduction of the ferr icytochrome in response to the ambient  redox potential. 
Fig. 6 also shows the effect  of  trapping I- on the g = 1.82 Q-Fe signal; it dimin- 
ishes the total magnitude of  the Q-Fe signal, but  in particular it apparently de- 
creases the sharp tip of  the band at g = 1.82. This change in Q-Fe is reversed 
when I- is allowed to reoxidize at higher temperatures. As we have found in 
Rps. viridis [7,17,18] and C. vinosum [15,16] ,  the reduction of  I prevents the 
generation of  the spin polarized triplet of  (BChl)2, while the reoxidation of  I- 
again allows the full generation of  the triplet. 

The carotenoid bandshift o f  T. phennigii 
T. pfennigii possesses 3,4,3' ,4 '-tetrahydrospiril loxanthin as its major caro- 

tenoid [5] and this has peaks at 4 6 5 , 4 9 3  and 530 nm in vivo [8].  As noted by 
Olson et al. [8],  the carotenoids shift their absorption maxima to the red dur- 
ing illumination, and Fig. 7 shows a spectrum of this change after a single turn- 
over flash. In addition to the carotenoid bandshift,  Fig. 7 also includes contri- 
butions from the oxidation of  cy tochrome c-555. The carotenoid bandshift  is 
formed within the rise time of  the instrument (100 gs) and has a decay half- 
t ime of hundreds of  milliseconds. The decay halftime is related to the "coupling 
status" of  the membrane;  in the presence of  uncoupler,  or valinomycin in the 
presence of  potassium ions, the decay can be rendered complete  within 1 ms of  
the flash. 

Fig. 8 shows a redox titration of  the carotenoid bandshift,  and underneath 
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Fig. 7. T h e  c a r o t e n o i d  bandsh i f t  o f  T. pfennigii. C h r o m a t o p h o r e s  (20  #M BChl) w e r e  suspended  as in the  
e x p e r i m e n t  o f  Fig. 3 in the  a b s e n c e  o f  v a l i n o m y c i n .  Th e  spectra  represent s  the  change  10 m s  a f t e r  a single 
turnover  f lash o f  l ight  and inc ludes  the  c a r o t e n o i d  bandshi f t ,  t o g e t h e r  w i t h  c o n t r i b u t i o n s  in the  400 ,  530  
and 555 n m  reg ions  due  t o  the  o x i d a t i o n  o f  c y t o c h r o m e  c-555.  
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Fig .  8.  A r e d o x  t i t r a t i o n  o f  t h e  c a r o t e n o i d  b a n d s h i f t  o f  T. pfennigii. T h e  e x p e r i m e n t  u s e d  t h e  s a m p l e  

u s e d  i n  t h e  e x p e r i m e n t  o f  F ig .  7 ,  a n d  a s s a y e d  t h e  c a r o t e n o i d  b a n d s h i f t  as t h e  c h a n g e  s een  a t  540-  -520  

n m ,  

are shown the thermodynamic properties of the components  identified in Figs. 
1, 3 and 4, where each box extends over the Nernstian range of ambient redox 
potential which causes a component  to change from 90% oxidized to 90% 
reduced. 

The maximal extent  of carotenoid bandshift  per single turnover flash occurs 
at redox potentials near 200 mV, where (BChl)2 and cytochrome C-555 are 
reduced, but QFe and cytochrome c-550 are oxidized prior to activation. At an 
ambient redox potential of 400 mV, where only (BChl)2 is reduced prior to 
illumination, only half of the maximal carotenoid bandshift was formed per 
flash, while even less, about  one-third, was generated at potentials (e.g., Eh --20 
mV) where cytochrome c-550 promptly re-reduced (BChl)~; no carotenoid 
shift was generated if QFe were reduced, or (BChl)2 were oxidized prior to 
activation. The line drawn through the data of Fig. 8 is the amalgam of Nernst 
curves which describe a situation where two identical cytochrome c-555 hemes 
and two identical cytochrome c-550 hemes serve each (BChl)2. 

Discussion 

The primary donor (BChl)2 
It is currently accepted that  the primary donor of BChl a-containing species 

is a bacteriochlorophyll dimer, or "special pair", as suggested by the designa- 
tion (BChl)2. Evidence in support of this has come from two principal sources: 
(i) the line width of the EPR spectrum o f  the oxidized reaction center BChl a 
shows a x/~ narrowing compared to that  of monomeric BChl a ÷ [19,20] sug- 
gesting that  the unpaired electron is shared over a rather symmetrical pair of 
BChl a molecules; and (ii) the zero field splitting parameters of the light induced 
triplet state of the reaction center BChl a are consistent with expectations for 
a biradical state involving two BChl a molecules [21,22]. 

The EPR properties of the reaction center BChl b of T. pfennigii (Fig. 2) 
and Rps. viridis [7,20] are somewhat different, particularly in the linewidth of  
the oxidized reaction center BChl b. In both cases, this has a linewidth of 12-- 
13 G {Fig. 2 and refs. 2, 7, 20), which is only marginally narrower than the 14 
G measured in vitro for monomeric BChl b. + [2]. Nevertheless the zero field 
splitting parameters of the reaction center triplets (Fig. 2 and ref. 7), although 
distinctly different from those of a variety of BChl a containing species [7,22], 
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still suggest thai  the reaction center primary donors of  the BChl b-species con- 
tain more than a single molecule of  BChl b. Taken together, the EPR data sug- 
gest that  the primary donors of  both Rps. viridis and T. pfennigii are dimers of  
BChl b, bu t  that  they are perhaps less symmetrically arranged than their 
counterparts  in BChl a-containing species. As such they have been referred to as 
(BChl)2 throughout  this work. We may thus conclude that the unusual EPR 
properties of  the (BChl)2 of Rps. viridis [2,7,20] and of  T. pfennigii, probably 
reflect properties imposed by the presence of  BChl b. 

c-Type cytochromes 
Fig. 3 suggests that  two kinetically and thermodynamically identical cyto- 

chrome c-555 hemes, together with two similarly identical cy tochrome c-550 
hemes, share the same reaction center in T. pfennigii, and further than when all 
are reduced prior to light activation, it is the low-potential cy tochrome c-550 
hemes which are preferentially oxidized by the (BChl)~. Similar cy tochrome 
complements ,  with a similar priority for oxidation, are found in other  species; 
there are two high potential  cy tochrome c-555 [23] and two low potential  
cy tochrome c-553 hemes [16] per (BChl)2 in C. vinosum, and two high poten- 
tial cy tochrome c-558 hemes, together with two low potential cy tochrome c- 
553 hemes in Rps. viridis [7]. Even in those species which lack a low potential  
c type  cytochrome capable of  donating electrons to {BChl)~, such as Rps. 
sphaeroides [9,24],  Rps. capsulata [24] and Chlorobium limicola f. thiosul- 
fatophilum [25],  there are still two kinetically and thermodynamically identi- 
cal high potential  c-type cy tochromes  per reaction center. 

The "primary acceptor" QFe 
The classical rationale for defining the "primary acceptor"  of photosynthet ic  

bacteria has relied on the at tenuation of  readily measurable flash-induced 
changes associated with the reaction center, such as (BChl)2 or c-type cyto- 
chrome oxidation, or carotenoid bandshifts, as QFe is reduced prior to activa- 
tion (see refs. 22, 26). It is now recognized that even when QFe is reduced 
prior to activation, (BChl)2 can undergo transient oxidation, with the concomi- 
tant  reduct ion of  I [ 1,28],  although this transient state, originally called pF by 
Parson et al. [29],  decays very rapidly (in less than 10 ns) and was no t  recog- 
nized in earlier work. Nevertheless, although the classically defined "primary 
acceptor"  is not  in fact the first acceptor  of  the electron from {BChl)2, it does 
play a very important  role in the economy of the cell (see ref. 1): it is the 
reduction of  QFe by I- which effectively renders the light reaction irreversible 
because the life-time of  the [(BChl)~ I]Q-Fe state is suitably in excess {hun- 
dreds of  milliseconds) of  the halftime of  c-type cytochrome oxidation (t~ < 100 
gs in T. pfennigii). 

It is now accepted that  the primary acceptor  of  purple bacteria is a quinone 
iron (QFe) complex,  where the electron from (BChl)2 (via I/I-) resides mainly 
on the quinone [30].  In Rps. sphaeroides [31] the quinone is ubiquinone,  
while menaquinone apparently fulfils this role in C. vinosum [32] and Rps. 
viridis [17,33].  The EPR spectrum of Q-Fe  in all these species has a prominent  
band close to g = 1.82, with another band which seems to vary in different 
species and preparations from g -- 1.60 to g = 1.73 [7,13,34].  The signal in T. 
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pfennigii is characterized by bands close to g = 1.82 and g = 1.62, and as such 
is very similar to that  of C. vinosum [14,33]. It is quite different from the g = 
1.87 signal recently seen in reaction centers from Rhodospirillum rubrurn [35]. 

The thermodynamic properties of the primary acceptor QFe in T. pfennigii 
are very similar (Fig. 4) to those of QFe in other species [7,26,27]. Near neu- 
tral pH the Em varies with pH by --60 mV/pH unit, while beyond a pK at pH 
6.5 it becomes pH-independent. As we have discussed at length elsewhere [26, 
27], this indicates a pK on the reduced form (Q'HFe/Q-Fe) at pH 6.5. Evi- 
dence from a variety of species (see ref. 27) suggests that  the operating redox 
couple involves the unprotonated reduced species, where the Em is that  mea- 
sured beyond the pK. In T. pfennigii this Em is --130 mV, which compares with 
--150 mV in Rps. viridis [7] and --160, --180 and --200 mV in C. vinosurn, 
Rps. sphaeroides and R. rubrurn, respectively [26]. The redox span (AEm) be- 
tween (BChl b)2 and QFe in T. pfennigii (620 mV) and Rps. viridis (650 mV, 
ref. 7) is thus not  significantly different from that  between (BChl a)2 and QFe 
in the three BChl a containing species (630 mV in Rps. sphaeroides, 650 mV in 
C. vinosum and R. rubrum, see ref. 27), despite the difference in energy of 
actinic photons of 860 or 985 nm light. 

The intermediary carrier I 
Since the first indications of the existence of the intermediary carrier, I, in 

purple bacterial reaction centers [36], considerable progress has been made 
towards elucidating its chemical identity (see refs. 1--3). The current consen- 
sus is that  I is probably a single bacteriopheophytin molecule [2] in close asso- 
ciation with the iron of the QFe primary acceptor [15--17,37]. This close 
association between I and QFe appears to be reflected in the broad split EPR 
signal attributable to I- [15--17], which suggests that  the two centers interact 
magnetically mainly via exchange coupling. Further evidence in favor of this 
suggestion comes from the parallel, but rather unusual, magnetic relaxation 
properties of the g = 1.82 signal of Q-Fe and the broad split signal of I-; both 
are seen only at very low temperatures (<20 K), and are very difficult to satu- 
rate with microwave power [37]. 

The EPR signals associated with I- in T. pfennigii are very similar to those 
seen in C. vinosum [15,16] and Rps. viridis [17], and have similar magnetic 
relaxation properties. At low temperatures (<15 K), I- is seen mainly as a 
signal which is split around close to g = 2.003 by about  68 G. This is very sim- 
ilar to the splitting seen in C. vinosum [ 15--17], although it is substantially less 
than the approximately 130 G splitting seen under identical conditions in chro- 
matophores of Rps. viridis [17]. Under ideal conditions, all of the I- popula- 
tion in Rps. viridis chromatophores is seen as the broad, split signal [17], while 
in C. vinosum, some 30--50% of the total I- population is present as a narrow, 
unsplit free-radical signal, even in whole cells [15,16]. The chromatophores of 
T. pfennigii used in this work seem to fall between these two extremes, with 
less than 10% of the total  I- population being present as the unsplit free-radical 
signal. The magnetic relaxation properties of the unsplit I- signal seen at low 
temperatures suggest that  it arises from F moieties which are not  magnetically 
coupled to Q-Fe, but whether this is a physiological situation, or merely reflects 
some damage incurred during the low temperature trapping of I-, remains to 
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be determined. At higher temperatures,  I- in Rps. viridis is seen as a broad 
lorentzian line centered close to g = 2.003 [17],  which is what  might be expect- 
ed if I- were exchanged coupled to a rapidly relaxing paramagnetic system, such 
as the metal containing Q-Fe. A similar explanation, but  with a less intense 
interaction, could explain the signal seen under these conditions in T. pfennigii 
(Fig. 5). Further  evidence in favor of  an interaction between Q-Fe and I- in 
Rps. viridis comes from the observation that the Q-Fe signal is apparently split 
and broadened by its interaction with I- so that  the g = 1.82 signal apparently 
disappears [17].  A similar, although again less intense, interaction would ex- 
plain the changes in Q-Fe associated with I reduction seen in Fig. 6. 

In Rps. viridis we were able to obtain an equilibrium midpoint  potential  
(Era) for the I/I- couple by both redox potent iometry  [7,18] and by a method  
which involved comparing the Em of I/I-  with that  of  the hydrogen (H÷/I~H2) 
electrode at various values of  pH [17].  Both methods  gave a value of  close to 
--400 mV, n = 1 for the I/I- couple in chromatophores.  Despite several at tempts,  
neither method  has ye t  yielded an Em value for I/I = in T. pfennigii or C. vino- 
sum. The reasons for this failure are unknown,  although it is no tewor thy  that 
the EPR properties of  I- in these latter two organisms are very similar, while 
those of  I- in Rps. viridis are rather different. It thus seems that the properties 
of  I- in Rps. viridis [7,17] which are different from those of  C. vinosum [15, 
16] and T. pfennigii are probably specific properties of  Rps. viridis, rather than 
properties imposed by the presence of  BChl b. 

The carotenoid bandshifts o f  T. pfennigii 
Light-induced red shifts of the absorbance spectra of  carotenoids occur in a 

variety of  photosynthet ic  bacteria and, although the mechanism of these shifts 
is obscure [38],  empirical observations suggest that  they are in response to 
membrane potentials across all or part of  the chromatophore  membrane [9, 
10,39,40].  In Rps. sphaeroides, three kinetically and thermodynamically dis- 
t inct phases of  the carotenoid bandshift  can be readily resolved [40]. The fast- 
est of  these, Phase I, is associated with electron flow from (BChl)2 via I to QFe, 
while Phase II is associated with the re-reduction of  (BChl)~ by ferrocyto- 
chrome c2. In fact, Phase II of  the carotenoid bandshift  is itself biphasic, with 
kinetics apparently identical to the two phases of  cy tochrome c2 oxidation [9]. 
In addition there is a third phase of  the carotenoid bandshift  which is equal in 
extent  to the sum of Phases I plus II, and which is apparently linked to reac- 
tions accompanying the re-reduction of  ferr icytochrome c2 [41].  All three 
phases are additive. Jackson and Dut ton  [40] interpreted these results as indi- 
cating that  electron flow from cytochrome c2, via (BChl)2 and I, to QFe effec- 
tively spanned the membrane,  with (BChl)2 located within the membrane 
dielectric. As has been discussed elsewhere [41,42] the antimycin sensitive 
Phase III of  the bandshift  seems to represent a separate transmembrane electro- 
genic event associated, probably indirectly, with ferr icytochrome c2 re-reduc- 
tion. 

Although both C. vinosum [43] and T. pfennigii (ref. 8 and Fig. 7) show 
light-induced carotenoid bandshifts, neither seems to have an antimycin sensi- 
tive phase. However there are thermodynamical ly resolvable phases which are 
clearly associated with electron flow in the reaction center from (BChl)2, via 
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Fig. 9. A m o d e l  for  the  a r r a n g e m e n t  of  the  r eac t i on  cen t e r  and  its associa ted  c y t o c h r o m e s  in T. pfennigii. 
The  m o d e l  is based  on  the  c a r o t e n o i d  bandsh i f t  da t a  in Fig. 8, as discussed in the  t ex t .  I is o m i t t e d  since 
the  c a r o t e n o i d  bandsh i f t  p rov ides  no  h in t  as to its loca t ion .  The  high po ten t i a l  c y t o c h r o m e  (c-555)  is 
a s s u m e d  to  be a pa r t  of  the  cyclic e l ec t ron  t r a n s p o r t  s y s t e m  which  is coup led  to ATP  synthes is  in vivo,  
while the  low po ten t i a l  c y t o c h r o m e  (c-550)  is a s s ume d  to be  par t  of  a non -coup led ,  non-cycl ic ,  p r o b a b l y  
subs t ra te - l inked  p a t h w a y  for  replenishing the  cycl ic  sys tem.  R a t h e r  s imilar  m o d e l s  for  o t h e r  bac te r i a  are  
discussed in ref .  42.  

I to QFe, and with the subsequent  re-reduction of (BChl)2 ÷ by c-type cyto- 
chromes (ref. 43 and Fig. 8). In T. pfennigii there is a carotenoid bandshift  
associated with electron flow from (BChl)2, via I, to QFe, which can be seen 
alone at ambient  potentials where only (BCht)2 is reduced prior to flash-activa- 
tion. When cytochrome c-555 is also reduced prior to illumination, the caro- 
tenoid bandshift  is approximately doubled in extent,  but  when cytochrome 
c-550 is also reduced prior to activation, the total bandshift  is actually less than 
that which occurs when there is no cy tochrome oxidation. 

In terms of  using the carotenoid bandshift  to assign intramembrane locations 
to the reaction center and its associated cytochromes (see, for example, refs. 
40--42, 44) Fig. 8 may be interpreted as shown in Fig. 9. Thus electron flow 
from (BChl)2 via I to QFe is electrogenic, and generates a carotenoid band- 
shift, which is doubled as the charge separation is increased by the oxidation of  
cy tochrome c-555. However,  if the low potential  cy tochrome c-550 is reduced 
prior to activation, and it reduces (BChl)2*', the amplitude of  the carotenoid 
bandshift  decreases, presumably because the ferri-cytochrome c-550 heme is 
closer to the outside of  the membrane than (BChl)~. Fig. 9 also assumes that 
the cytochrome c-555 complement  is near the inside of  the chromatophore  
membrane,  by analogy with other  species (see ref. 42). Although there is no 
direct evidence to support  the model  of  Fig. 9, it is worth noting that indepen- 
dent  methods  of  assigning intramembrane locations of electron flow compo- 
nents in a variety of other  species have consistently given results in agreement 
with interpretations of  carotenoid bandshifts (see ref. 42). 

Acknowledgements 

I am indebted to Drs. J.M. Olson and J.P. Thornber  for providing the cells of  
T. pfennigii, to Dr. P.L. Dut ton  for valuable discussions and criticisms and to 
Peggi Mosley and Barbara Bashford for preparing the manuscript and figures. 
The work was supported by grant PCM 76--14209 from NSF to Dr. P.L. Dut- 
ton, in whose laboratory this work was done. 



207 

References 

1 Dut ton,  P.L., Prince, R.C., Tiede, D.M., Petty,  K.M., Kauffman, K.J., Netzel, T.L. and Rentzepis,  
P.M. (1976) Brookhaven Symp. Biol. 28, 213--237 

2 Fajer, J., Davis, M.S., Brune, D.C., Spaulding, L.D., Borg, D.C. and Forman,  A. (1976) Brookhaven 
Symp. Biol. 28, 74--104 

3 Feher, G. and Okamura,  M.Y. (1976) Brookhaven Symp. Biol. 28, 183--194 
4 Eimhjellen, K.E., Aasmundred,  O. and Jensen, A. (1963) Biochem. Biophys. Res. Commun. 10, 232--  

236 
5 Eimhjellen, K.E., Steensland, H. and Traetteberg,  J. (1967) Arch. Mikrobiol. 59, 62--92 
6 Holt, A.S. and Clayton,  R.K. (1975) Photochem. Photobiol.  4, 829--831 
7 Prince, R.C., Leigh, J.S. and Dut ton,  P.L. (1976) Biochim. Biophys. Acta 440, 622--636 
8 Olson, J .M,  Carroll, J.W., Clayton,  M.W., Gardner, G.M., Linkins, A.E. and Moreth, C.M.C. (1969) 

Biochim. Biophys. Acta 172, 338--339 
9 Dut ton,  P.L., Pet ty,  K.M., Bonner, H.S. and Morse, S.D. (1975) Biochim. Biophys. Aeta 387, 536--  

556 
10 Dutton,  P.L. (1971) Biochim. Biophys. Acta 226, 63--80 
11 Meyer, T.E., Kennel, S.J., Tedro, S.M. and Kamen, M.D. (1973) Biochim. Biophys. Acta 292, 634--  

643 
12 McElroy, J.D., Feher, G. and Mauzerall, D. (1970) Biophys. J. 10, 204a 
13 Dut ton,  P.L., Leigh, J.S. and Reed, D.W. (1973) Biochim. Biophys. Acta 292, 654---664 
14 Leigh, J.S. and Dutton,  P.L. (1972) Biochem. Biophys. Res. Commun. 46, 414--421 
15 Tiede, D.M., Prince, R.C., Reed, G.H. and Dut ton,  P.L. (1976) FEBS Lett .  65, 301--304 
16 Tiede, D.M., Prince, R.C., and Dut ton,  P.L. (1976) Biochim. Biophys. Acta 449, 447--467 
17 Prince, R.C., Tiede, D.M., Thomber ,  J.P. and Dutton,  P.L. (1977) Biochim. Biophys. Acta 462, 467--  

490 
18 Netzel, T.L., Rentzepis,  P.M., Tiede, D.M., Prince, R.C. and Dutton,  P.L. (1977) Biochim. Biophys. 

Acta 460, 467--479 
19 Norris, J.R., Uphaus, R.A., Crespi, H.L. and Katz, J.J. (1971) Proc. Natl. Acad. Sci. U.S. 68, 625--  

628 
20 McElroy, J.D., Feher, G. and Mauzerall, D.C. (1972) Biochim. Biophys. Acta 267 ,363 - -374  
21 Leigh, J.S. and Dut ton,  P.L. (1974) Biochim. Biophys. Acta 357, 67--77 
22 Thurnauer,  M.C., Katz, J.J. and Norris, J.R. (1975) Proc. Natl. Acad. Sci. U.S. 72, 3270--3274 
23 Case, G.D. and Parson, W.W. (1971) Biochim. Biophys. Acta 253, 187--202 
24 Prince, R.C. and Dut ton,  P.L. (1977) Biochinl. Biophys. Acta 459, 573---577 
25 Prince, R.C. and Olson, J.M. (1976) Biochim. Biophys. Acta 423, 357--362 
26 Prince, R.C. and Dutton,  P.L. (1975) Arch. Biochem. Biophys. 172, 329--334 
27 Prince, R.C. and Dut ton,  P.L. (1977) in The Photosynthet ic  Bacteria (Clayton, R.K. and Sistrom, 

W.R., eds.), Plenum Press, New York 
28 Dut ton,  P.L., Kaufmann,  K.J., Chance, B. and Rentzepis,  P.M. (1975) FEBS Lett .  60, 275--280 
29 Parson, W.W., Clayton, R.K. and Cogdell, R.J. (1975) Biochim. Biophys. Acta 387 ,265 - -278  
30 Bolton, J.R. and Cost, K. (1973) Photochem. Photobiol .  18, 417--421 
31 Okamura,  M.Y., Isaacson, R.A. and Feher, G. (1975) Proc. Natl. Acad. Sci. U.S. 72, 3491--3495 
32 Okamuxa, M.Y., Ackerson, L.C., Isaacson, R.A., Parson, W.W. and Feher, G. (1976) Biophys. J. 16, 

233a 

33 Pucheu, N.L., Kerber, N.L. and Garcia, A.F. (1976) Arch. Micrbbiol. 109, 301--305 
34 Dut ton,  P.L. and Leigh, J.S. (1973) Biochim. Biophys. Acta 314, 178--190 
35 Prince, R.C. and Thornber,  J.P. (1977) FEBS Lett .  61 ,233- -237  
36 Dut ton,  P.L., Kaufmann,  K.J., Chance, B. and Rentzepis,  P.M. (1975) FEBS Lett.  60, 275--280 
37 Tiede, D.M. and Dut ton,  P.L. (1977) Biochim. Biophys. Acta, submit ted  
38 Holmes, N.G. and Crofts, A.R. (1977) Bioehim. Biophys. Acta 459, 492--505 
39 Jackson,  J.B. and Crofts, A.R. (1969) FEBS Lett.  4, 185--189 
40 Jackson,  J.B. and Dutton,  P.L. (1973) Biochim. Biophys. Acta 325, 102--113 
41 Prince, R.C. and Dutton,  P.L. (1977) Biochim. Biophys. Acta 462, 731--747 
42 Dut ton,  P.L. and Pince, R.C. (1977) in The Photosynthet ic  Bacteria, (Clayton~ R.K. and Sistrom, 

W.R., eds.), Ch. 28, Plenum Press, New York 
43 Case, G.D. and Parson, W.W. (1973) Biochim. Biophys. Acta 325, 441--453 
44 Crofts, A.R. (1974) in Perspectives in Membrane Biology, (Estrado-O, S. and Gitler, C., eds), pp. 

373--412,  Academic Press, New York 


