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S u m m a r y  

Reaction centers from Rhodopseudomonas sphaeroides strain R-26 were 
prepared with varying Fe and ubiquinone (Q) contents.  The photooxidat ion of  
P-870 to P-870 ÷ was found to occur with the same quantum yield in 
Fe-depleted reaction centers as in control samples. The kinetics of  electron 
transfer from the initial electron acceptor  (I) to Q also were unchanged upon 
Fe removal. We conclude that Fe has no measurable role in the primary photo- 
chemical reaction. 

The extent  of secondary reaction from the first quinone acceptor  (QA) to 
the second quinone acceptor  (QB) was moni tored by  the decay kinetics of  
P-870 ÷ after excitation of reaction centers with single flashes in the absence of  
electron donors,  and by the amount  of  P-870 photooxidat ion that occurred on 
the second flash in the presence of  electron donors. In reaction centers with 
nearly one iron and between 1 and 2 ubiquinones per reaction center, the 
amount  of  secondary electron transfer is proportional to the ubiquinone con- 
tent above one per reaction center. In reaction centers treated with LiC104 
and o-phenanthroline to remove Fe, the amount  of  secondary reaction is 
decreased and is proport ional  to Fe content.  Fe seems to be required for the 
secondary reaction. In reaction centers depleted of  Fe by  treatment  with SDS 
and EDTA, the correlation between Fe content  and secondary activity is not  as 
good as that  found using LiC104. This is probably due in part  to a loss of  
primary photochemical  activity in samples treated with SDS; but  the correla- 
tion is still not  perfect  after correction for this effect.  

The nature of  the back reaction between P-870 ÷ and Q~ was investigated 

Abbreviat ions:  I, the  initial e lectron acceptor  b e t w e e n  P-870 and quinone ,  thought  to be bacter iopheo-  
phyt in;  P-870, the primary electron d o n o r  bacte~ iochlorophyl l  in react ion centers; SDS, sodium d o d e c y l  
sulfate; Tris, tris(hydroxyrnethyl)aminomethane; Q, quinone. 
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using s topped flow techniques. Reaction centers in the P-870 ÷ Q~ state decay 
with a 1-s half-time in both  the presence and absence of  o-phenanthroline, an 
inhibitor of electron transfer between Q~ and QB. This indicates that  the 
back reaction between P-870 ÷ and Q~, is direct, rather than proceeding via 
thermal repopulation of Q~. The P-870 ÷ Q~ state is calculated to lie at least 
100 mV in free energy below the P-870 ÷ Q~ state. 

Introduction 

Reaction center preparations isolated from photosynthet ic  bacteria contain 
about  one equivalent of non-heme Fe [1--3].  The Fe initially was thought  to 
serve as the electron acceptor  in the primary photochemical  reaction, which is 
the oxidation of a bacteriochlorophyll  complex called P-870. The main evi- 
dence that  the Fe participated in the primary electron transfer reaction was 
that  reduction of  the acceptor  generated a broad ESR signal that  seemed to be 
due to the Fe [4,5].  However,  photochemically active preparations with low 
iron contents  were obtained, and a narrower ESR spectrum identified as that  
of the ubiquinone anion radical was observed [6,7].  The broad ESR signal 
apparently results from magnetic interactions between the quinone radical and 
the Fe. More recent experiments have convincingly identified the electron 
acceptor as a quinone (ubiquinone in Rhodopseudomonas sphaeroides and 
menaquinone in Chromatium vinosum) [8--14],  while the function of  iron has 
remained abscure. 

The reduced quinone acceptor (Q~) transfers an elctron in 1 0 - 2 0 0  ~s 
[ 1 5 - 1 8 ]  to another acceptor (QB), which also appears to be a quinone 
[18--20].  The kinetics of  this secondary reaction can be monitored by double- 
flash experiments in the presence of an electron donor [15 -17], by measuring 
absorbance changes at 750 mm [18],  or by studying the competi t ion between 
the secondary reaction and reverse electron transfer from Q~, to P-870 ÷ [17].  
Recent  evidence suggests that  QB is functionally distinct from the large ubi- 
quinone pool that  is present in chromatophores  [21].  

The suggestion has been made that iron is involved in electron transfer from 
Q~ to Q~, although no strong evidence has been presented to support  this idea 
[2]. Two observations that  agree with this view are that the Fe chelator 
o-phenanthroline inhibits electron transfer between the two quinones [16,22, 
23],  and that either QA or QB can couple magnetically to the iron [20,24,25].  
There is, however, no evidence that  the effect of  o-phenanthroline results from 
chelation of the Fe. This report  presents further evidence that  supports the 
assignment of iron to a function between the two quinones. A preliminary 
report  on part of this work has appeared [26].  

Materials and Methods 

Reaction centers of Rps. sphaeroides strain R-26 were prepared essentially as 
described by Clayton and Wang [27].  It was necessary to purify the reaction 
centers further by DEAE cellulose chromatography to obtain iron contents of  
one Fe per reaction center. The reaction centers were adsorbed on a 2.5 × 10 cm 
column of DEAE sephacel (Pharmacia) equilibrated with 0.1% lauryl dimethyl- 
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amide oxide, 10 mM Tris (pH 8.0), 10 /zM EDTA, and washed with several 
column volumes of  the same buffer  followed by 50 ml 0.07 M NaC1 in the same 
buffer  solution. The reaction centers were then eluted by increasing the NaC1 
concentrat ion to 0.15 M, dialyzed vs. 0.025% lauryl dimethylamine oxide, 
10 mM Tris (pH 8.0), 10 wM EDTA, and concentrated using an Amicon model  
52 ultrafilter with a PM-10 membrane.  Reaction centers prepared in this way 
had an A28o/Asoo ratio of  about  1.3, and contained 0.8--1.0 Fe/reaction center 
and slightly more than one Q per reaction center. Reaction centers with 
~ 1.8 Q/reaction center were prepared by decreasing the lauryl dimethylamine 
oxide concentrat ion from 1.5 to 0.1% during the ammonium sulfate fractiona- 
tion. 

Reaction centers were depleted of  iron by incubating a reaction center 
sample (As00 ~ 10) in 0.025% lauryl dimethylamine oxide, 10 mM Tris {pH 
8.0), 0.75 M LiC104, and 1.0 mM o-phenanthroline for 2 h at room tempera- 
ture (Okamura, M., personal communication),  followed by  low speed centrifu- 
gation, and dialysis vs. 0.025% lauryl dimethylamine oxide, 10 mM Tris (pH 
8.0), and 10 /~M EDTA. For some experiments the detergent was changed to 
0.05% Triton X-100 by further dialysis. The recovery of  the reaction centers 
usually was about  60%. Dialysis was shown to reverse completely the effects of  
treating reaction centers with o-phenanthroline in the absence of  LiC104. The 
absorption spectrum of iron-depleted reaction centers was quite similar to that  
of  untreated samples, except  that the P-870 of  the reaction centers was par- 
tially oxidized by the t reatment  (reversibly) and the 760 nm absorption band 
due to bacter iopheophyt in  was increased slightly. Other differences in the 
absorption spectra were a narrowing and slight red shift of  the absorption band 
at 535 nm, and a slight blue shift of  the 870 nm band. There also was a small 
absorbance increase at 690 nm, indicative of  bacteriochlorophyll  degradation 
products.  

Iron depletion also was achieved by incubating reaction center samples in 
low concentrations of SDS (0.05--0.25%, w/v) in 10 mM Tris {pH 8.0), 0.025% 
lauryl dimethylamine oxide, and 1 mM EDTA, for one or more days at room 
temperature [7].  This procedure caused similar spectral shifts, but  less oxida- 
tion of  P-870, and smaller absorbance increases at 760 and 690 nm. Recovery 
~)y this procedure was greater than 90%. 

Reaction center concentrations were determined from the absorption at 
800 nm, after dialysis to remove solubilized iron and LiC10~ or SDS. An extinc- 
tion coefficient of  288 mM -~ • cm -1 (ref. 28) was used. 

Iron content  was determined using a Perkin Elmer 403 graphite furnace 
atomic absorption spectrophotometer .  Concentrated standard solutions were 
prepared in 1% HNO3 and the final dilution (10 times) was made into the Tris- 
lauryl dimethylamide oxide buffer  solution. This procedure gave the standards 
the same surface tension characteristics of  the reaction center samples, but  kept  
the pH low enough to avoid iron precipitation. Iron contents  quoted are 
accurate to +5%. 

Ubiquinone 50 was purchased from Sigma and used from a 5 mg/ml stock 
solution in ethanol. Control experiments indicated that  ethanol alone had no 
effect.  Ubiquinone analyses were performed essentially as described by 
Takamiya and Takamiya [29],  using a differential extinction coefficient (oxi- 
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dized minus reduced) of  12.25 mM -x • cm -1 at 275 nm [30]. 
Flash-induced absorbance changes were measured at room temperature,  

using the single beam laser spect rophotometer  described previously [15,31].  
Excitation in most  cases was provided by 20 ns ruby laser pulses. For the 
quantum yield experiments shown in Fig. 1, the ruby laser pulses were used to 
pump a dye laser that  lases at 834 nm. Flash intensity was measured by a 
vacuum photodiode  that was calibrated against a ballistic thermopile. For the 
experiments of  Fig. 4, the ambient  redox potential was controlled as described 
previously [32].  The experiments reported in Figs. 1, 4 and 8 were recorded 
photographically from oscilloscope traces; a Biomation 802 transient digitizer 
coupled to a PDP-8 computer  served as the data acquisition and analysis system 
for the remainder. The computer  utilizes UW Focal as language [33].  For the 
experiments in which P-870 decay kinetics were used as an assay of  secondary 
electron transfer activity, the data were converted from transmittance to 
absorbance by the computer  and then fit with a two-component  exponential 
expression by an iterative, nonlinear least-squares program. The analysis pro- 
gram required no initial estimates of  relative amplitudes or decay constants, 
and achieved close fits to the data in all cases. 

A Durrum stopped-flow apparatus coupled to a Keithley electrometer and 
storage oscilloscope was used for the experiments shown in Fig. 8. White light 
for preillumination was obtained from a 100 W tungsten bulb and filtered 
through a Coming 1-69 heat filter. Broad-band infrared flashes were obtained 
from a 10 us Xe flash filtered through a Coming 2600 filter. Because of  the 
design of the apparatus, only part of  the unmixed solutions was exposed to the 
preillumination. This part was maximized by using a relatively large volume of 
sample for each pulse (1 ml). The dead time between mixing and measuring was 
about  2 ms; the dead time between preillumination and measuring was some- 
what  longer than this. 

Picosecond kinetics were measured as previously described [34].  

Results 

Primary reaction 
Fig. l a  shows a light saturation curve for P-870 photooxidat ion in reaction 

centers at  room temperature.  The abscissa gives the incident flash intensity on a 
logarithmic scale. Fig. l b  shows theoretical saturation curves predicted for 
reactions with quantum yields of  1 and 0.1. The saturation curve is given by 
the cumulative one-hit Poisson distribution, and its position along the intensity 
axis is a measure of  the quantum yield. The data of  Fig. l a  indicate that  the 
quantum yield of  P-870 photooxida t ion  is the same in control and iron- 
depleted reaction centers. 

The experimental curves of  Fig. l a  are not  precisely the same shape as the 
theoretical curves of  Fig. l b ;  they approach saturation more gradually at high 
light intensities. This distortion is probably due to the fact that  the laser pulses 
do not  have uniform intensity across the surface of  the cuvette. Ho t  and cold 
spots would result in the observed saturation behavior. Departure from the 
theoretical curves also could reflect heterogeneity of  the reaction center 
population. It appears not  to be due to dichroism induced by the linearly polar- 
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Fig. 1. (s) ~igh¢ ~ t u ~ t J o ~  cu~e  (o~ c o ~ o l  ~ d  ~ o ~ e p l e t e d  Ceac~o~ c e ~ s ,  ~ h ~ e s  were 20 ~s ~ 
d u r a t i o n  a t  8 3 4  r im. F l a ~  ~ t e ~ t y  was  v ~ e d  u ~ n g  c ~ b ~ a ~ d  n e u ~  d e n ~ t y  f ~ s .  F l ~ - i n d u c e d  
a b s o r b a n c e  c h ~ g e s  a t  4 3 0  n m  w e r e  m e - - r e d  as  d e w , b e d  ~ M a t e ~  ~ d  M e t h o d s .  X, c o n ~ o l ,  2 .6  ~M 
• e ~ t i o n  c e n t e ~  ~ 0 . 0 5 %  T ~ t o n  X-IO0,  10 mM T ~  (pH 8 .0 ) ,  10  ~M E D T A .  Iron c o n t e n t  0 . 8 6  F e ~ e a c -  
t i o n  c e n t e r .  ¢ ,  ~ o n ~ e p l e t e d ,  2 .4  ~M r e a c t i o n  c e n ~ r s ,  0 . 2 8  F e / ~ e a c t i o n  c e n t e r .  T h e  d a t a  w e r e  n o ~ e d  
a t  t h e  ~ g h e s t  H ~ t  ~ t y .  B e f o r e  n o ~ z a f i o n  t h e  a b s o r b a n c e  c h ~ g e s  f o r  ~ e  t w o  ~ p l e s  w e r e  
w i t h ~  1 ~  o f  e a c h  o t h e r .  (b )  T h e o r e ~ c M  Hgh t  ~ t u t a t i o n  c u ~ e .  These  c u ~ e s  ~ e  p l o ~  o f  t h e  c u m ~ a t i v e  
o n e - h i t  P o ~ o n  d ~ b u t i o n  w i ~  p r o t o n  f o r  q u a l m  y ie ld  l e ~  t h ~  one .  ~ e  e q u a ~ o n  p l o t t e d  ~ y = 
1 ~  ~ I ,  w h e r e  ~ ~ t h e  q u ~ t u m  y ie ld  ~ d  I is t h e  n u m b e ~  o f  p h o t o n s  a b ~ r b e d  p ~  r e a c t i o n  c e n t e r .  ~ f t  
c u ~ e ,  • = 1 .0 ;  ~ g h t  c u ~ e ,  • = 0 .1 .  

ized laser flash, because similar saturation curves were obtained when a quarter 
wave-plate was added to make the laser light circularly polarized. 

Previous work has shown that the photooxidat ion  of  P-870 involves the 
transient reduction o f  an initial electron acceptor (I), which appears to be 
bacteriopheopytin.  The P-870 ÷ I- radical pair then transfers an electron to 
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another acceptor,  presumably QA, in about  250 ps [34,35].  Picosecond experi- 
ments were performed in collaboration with D. Holten and M. Windsor of  
Washington State University to determine whether  removing iron altered the 
seond of  these steps. The 1/e time for the oxidation of I-, monitored by the 
decay of  the absorption band due to I- at 680 nm, was found to be 250 + 50 ps 
in both  control  and iron-depleted reaction centers. The initial formation of  
P-870 ÷ I- was complete  in less than 20 ps in both cases. These results, coupled 
with the results in Fig. 1, indicate that  iron removal does not  measurably affect 
either the speed or the efficiency of  electron transfer between P-870 and QA. 

Secondary reactions 
The second quinone acceptor  (QB) is bound to the reaction center more 

loosely than QA and is largely removed during the isolation procedure of  
Clayton and Wang [27].  In such reaction centers, most  of  the back reaction 
between the reduced quinone acceptor  and P-870 ÷ occurs in a single step, with 
a half-time of ~ 8 0  ms at room temperature (Fig. 2a and ref. 36). By decreasing 
the detergent concentrat ion during the purification procedure,  reaction centers 
with nearly two ubiquinones per reaction center can be prepared [11].  In 
these the back reaction has a pronounced slow phase, with a half-time of  
0.8--1 s (Fig. 2b). Reaction centers isolated with Q/reaction center ratios 
intermediate between these two extremes show biphasic kinetics, and the 
amount  of  slow phase is linearly related to the amount  of  quinone above one 
per reaction center (Fig. 2d). Addition of  Q to reaction centers with only one 
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Fig. 2. P -870  + decay  k ine t ics  in r e a c t i o n  c e n t e r s  w i th  va ry in g  quinone  contents .  Parts  a, b a n d  c s h o w  the  
opt ical  absorb&nee changes  at  43.0 n m ,  w h e n  react ion center  suspen~lons are  exc i t ed  w i th  single r u b y  la~er 
~i~bes .  A d o w n w a r d  de f l ec t i on  is an  a b s o r b a n e e  increase .  No r e d u c t a n t s  for  P-870  + were  a d d e d ;  the  d ecay  
is t a k e n  to  ref lect  b~ck  react ions  with  Q ~  a nd  Q~.  a ,  Q / r e a c t i o n  c e n t e r  = 1 .17;  b,  Q / r e a c t i o n  c e n t e r  = 
1 .82 ;  c, s ample  b aftez addi t ion  o f  1.7 m M  o-phenan th~o l ine ;  d ,  plot  o f  Q/reac t ion  center  vs. the  p e r c e n t -  
age o f  the  d e c a y  t h a t  occurs  in t he  ~lower  o f  the t w o  p h ~ e s ,  w i th  a h a l f - ~ n e  of  0 .8 - -1 .0  s. Th e  ~oHd 1Lne 
in d is w h a t  is e x p e c t e d  if  the  s econd  Q is n e c e s s ~ y  for secondary  e lectron t r ans f e r  ac t iv i ty ;  t h e  dashed  
I/he is a I ea s t~qua re s  fit to  the  d a t a  poin ts .  Buf fe r  so lu t ion  was 0 .025% laury]  d i m e t h y l a m i n e  ox ide ,  10 
m M  Tris ( pH  8 .0) ,  10  #M E D T A .  
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Q results in a conversion to predominantly slow decay kinetics (Fig. 3a and 3b; 
ref. 36); it has little effect  on the kinetics in reaction centers that  are isolated 
so as to contain two ubiquinones per reaction center. The simplest explanation 
for these observation is that  the more rapid decay kinetics reflect back electron 
transfer to P-870 * from Q ] ,  and the slow kinetics reflect a back reaction from 
Q~ [36].  In support  of  this interpretation, addition of  o-phenanthroline to 
reaction centers with slow decay kinetics causes the decay to assume the 80 ms 
half-time characteristic of  reaction centers with only one quinone {Fig. 2c and 
3c, and ref. 23). This is consistent with other evidence [ 16,22] that o-phenanthro- 
line blocks the secondary reaction between Q]  and QB. The amount  of  decay 
that occurs with 1-s kinetics is therefore a quantitative measure of  the extent  to 
which the secondary reaction has occurred. By monitoring the bacteriopheo- 
phytin band shift at 750 nm [18],  we measured a half-time of  110 + 20 ns for 
the secondary reaction in reaction centers containing two quinones {data not  
shown). 

In Fig. 3d, e and f, the P-870 ÷ decay kinetics are used to determine the 
extent  of  the secondary reaction in iron-depleted reaction centers. Iron- 
depleted reaction centers have predominantly fast decay kinetics (Fig. 3d). The 
kinetics are not  affected by the addition of  Q (Fig. 3d, e), nor by o-phenan- 
throline (Fig. 3f). They exhibit  little evidence of  secondary reaction regardless 
of  the amount  of  Q added. 

Another  means of  monitoring the extent  of secondary reaction is to use two 
closely-spaced flashes [15--17].  If an efficient electron donor such as reduced 
cytochrome c is added to reduce P-870 ÷ quickly, the amount  of  P-870 oxida- 
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Fig.  3 .  P - 8 7 0  + d e c a y  k i n e t i c s  in  c o n t r o l  a n d  i r o n - d e p l e t e d  r e a c t i o n  c e n t e r s .  Cu rves  a,  b a n d  c we re  
o b t a i n e d  u s i n g  1 .6  /~M c o n t r o l  r e a c t i o n  c e n t e r s  w i t h  0 . 8 6  F e / r e a c t i o n  c e n t e r .  Cu rves  d ,  e a n d  f we re  
o b t a i n e d  w i t h  1 .9  ~M i r o n - d e p l e t e d  r e a c t i o n  c e n t e r s  c o n t a i n i n g  0 . 2 8  F e / r e a c t i o n  c e n t e r ,  a a n d  d ,  n o  addio 
t ions ,  b a n d  e, p l u s  3 1  /~M Q;  c a n d  f, p l u s  3 1  /~M Q a n d  0 . 8  m M  o - p h e n a n t h r o l i n e .  F u r t h e r  a d d i t i o n  o f  
e i t h e r  Q or  o - p h e n a n t h r o l i n e  h a d  n o  a d d i t i o n a l  e f f ec t .  B u f f e r  s o l u t i o n  w a s  0 . 0 5 %  T r i t o n  X- IO0 ,  1 0  m M  
Tris  ( p H  8 .0 ) ,  10 /~M E D T A ;  o t h e r  c o n d i t i o n s  as in Fig.  2.  
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tion observed on the second flash reflects the amount  of  Q ]  that  has become 
reoxidized during the interval between the flashes. Fig. 4 shows the results of  
such an experiment on untreated and Fe<iepleted reaction centers. With no 
additions, the decay of  P-870 ÷ involves the back reactions discussed above, and 
is slow on the time scale of  the experiment (Fig. 4a, e). Addition of  cyto- 
chrome c speeds the decay on the first flash, but  little photooxidat ion occurs 
on the second flash (Fig. 4b, f). Addition of  Q restores activity on the second 
flash in the control,  bu t  not  in iron-depleted reaction centers (Fig. 4c and g). 
Addition of  o-phenanthroline decreases the activity on the second flash in the 
control,  as expected if it blocks the reoxidation of  Q~, but  has little effect  on 
the iron-depleted sample (Fig. 4d and h). These experiments confirm that the 
iron-depleted reaction centers are deficient in the secondary reaction between 
QA and QB. In addition, they show that  QA acts as only a single electron 
acceptor,  even if the iron is removed. 

For the experiment of  Fig. 5, the concentration of  LiC10~ and o-phenan- 
throline were varied in order to remove varying amounts of  iron, and the 
secondary reaction activity was plot ted as a function of  iron content.  The 
secondary activity was determined as the fraction of  P-870 ÷ decay with slow 
back reaction kinetics (cf. Fig. 2). The solid line in Fig. 5 is what  is expected 
if iron content  is linearly related to secondary electron transfer activity; the 

CONTROL Fe DEPLETED 

b ~4,,,,, ~ +c.yt f ~ 

,~ A e.zo [o.~ 
d ~  + ophen h ~ 

I ! 

2 0 m s  

Fig .  4 .  D o u b l e - f l a s h  expez~men t  o n  c o n t r o l  a n d  ~ o n - d e p l e t e d  react ion centers.  Curves  a ,  b ,  c,  a n d  d we re  
o b t a i n e d  u s i n g  1 .1  ~M contro l  react ion  centers  w i t h  0 . 8 6  Fe/reac t ion  center.  Curves  e, f0 g0 a n d  h we re  
o b t a i n e d  u s i n g  1 .2  /~M i~on -dep l e t ed  react ion centers  w i t h  0 . 2 8  Fe /reae t lon  center .  Reac t ion  buffer: 
0 . 0 5 %  T~ i ton  X - 1 0 0 ,  1 0  m M  ~ ( p H  8) ,  1 0 / ~ M  E D T A ,  5 ~M N - m e t h y l p h e n a z l n ~ u m  metho=u i~a te .  The 
redox  potent ia l  o f  the  ~ a ~ p l e  wa= a d j u = t e d  t o  + 2 0 0  m V  ( N H E )  p r i o r  to  eaeh m e ~ z e m e n t ,  b y  addi t ion  
of  N a 2 S 2 0 4  o r  K 3 F e ( C I ~ ) 6 .  Cuzves  a ~ d  e ,  n o  a d d | t l o n ~ ;  cu rvee  b a n d  f ,  p lu s  5 .6  ~M h o ~ e  c y t o e h ~ o m e  c;  
cu rves  e a n d  g,  p lu s  5 .7 /~M c y t o c h r o m e  c a n d  1 5 / ~ M  Q;  cu rves  d a n d  h ,  p lu s  5 .7  #M c y t o c h r o m e  c ,  
1 5 / ~ M  Q,  a n d  0 .8  m M  o - P h e n a n t h ~ o U n e .  T h e  t~aces s h o w  f l a s h - i n d u c e d  a b s o r b a n c e  c h a n g e s  a t  8 7 0  n m .  
Decreas ing  t he  m e a s u r i n g  l~ght in t ens i ty  to  8% of  its original  va lue  did n o t  a f fec t  the  results .  
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F i g .  5 .  Correlat ion b e t w e e n  iron c o n t e n t  and secondary  act ivi ty  i n  L i C l O 4 - t x e a t e d  react ion  centers.  
Secondary  react ion  activity measured  by  the  % of  the  P-870  + decay  ( m e a s u r e d  a t  4 3 0  n m )  t h a t  had  a 
ha l f - t ime  o f  0 .8 - -1 .0  s. T h e  ha l f - t ime  o f  the  m o t e  rapid decay  phase was 85 + 20  m s  in all samples .  Ubi-  
q u i n o n e  was  a d d e d  unt i l  the  decay  ldnet ics  were  cons tant  (the a m o u n t  o f  s l ow  phase was m a x i m a l ) .  Th e  
solid line is the e x p e c t e d  behavior  for  1 : I correlat ion b e t w e e n  iron conten t  and secondary  r eac t ion  
ac t iv i ty .  T h e  dashed  line is a leas t -squares  fit to  the  da ta .  

dashed line is a least-squares fit to the data points. The data indicate a good 
correlation between iron content  and secondary reaction activity. This figure 
includes data obtained with several preparations of  reaction centers, with Q 
contents  ranging from close to 1 to close to 2. Excess ubiquinone was added to 
maximize the amount  of  slow decay in all cases. 

To investigate whether  the loss of  secondary activity is indeed due to loss of  
iron, or to a side effect  of  the t reatment  with LiC104 and o-phenanthroline, 
we sought an alternative procedure for removing the iron. Fig. 6 (left) shows 
the results of treating reaction centers with varying amounts of  SDS. Incuba- 
tion with SDS causes a decrease in both  the iron content  (circles) and the 
secondary reaction activity (squares), as measured by the P-870 ÷ decay kinetics. 
The slow decay phase was somewhat  slower ( t l / 2  ~ 1--1.5 s) in SDS-treated 
reaction centers than in control  or LiC104-treated reaction centers. Samples 
treated with SDS also lose photochemical  activity, as measured by  the amount  
of  P-870 oxidation induced by a single flash (Fig. 6 right, triangles). In parallel 
with the loss of  activity, there is an increase in the amount  of  the triplet state 
of  P-870 (also called pa  ; see ref. 31) that  is generated by  a flash (Fig. 6 right, 
crosses}. Addition of  Q to these reaction centers does not  restore P-870 photo- 
oxidation, nor decrease triplet formation. Reaction centers that have been 
depleted of  Q by  the gentler method of  Okamura et al. [ 11 ] also exhibit  triplet 
formation,  but  addition of  Q fully restores their primary and secondary activity 
and abolishes the formation of  triplets (data not  shown). 

Fig. 7 shows a plot  of  iron content  vs. secondary reaction activity in reaction 
centers that  were treated with SDS. The correlation is considerably poorer  than 
that obtained with LiC104-treated reaction centers. The secondary electron 
transfer activity generally is higher than one would expect,  judging from the Fe 
content .  However,  the secondary reaction assay monitors only reaction centers 
that  are photochemical ly active, while both  active and inactive reaction centers 
are included in the measurements of  Fe content .  If the iron content  of  inactive 
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Fig. 6. SDS i n c u b a t i o n  as a m e t h o d  to  r e m o v e  iron.  A n  18-h i n c u b a t i o n  of  1-ml a l iquots  o f  28 #M 
reac t i on  cen te r s  in 0 .025% laury l  d i m e t h y l a m i n e  oxide ,  10  m M  Tris (pH 8.0) ,  1.0 m M  E D T A  an d  the  
i nd i ca t ed  SDS c o n c e n t r a t i o n s  (w/v )  was  fo l lowed  by  dialysis vs. 0 .025% laury l  d i m e t h y l a m i n e  oxide,  
10 m M  Tris ( pH  8.0) ,  10 #M E D T A  for  2 days.  L e f t  panel :  • e ,  F e / r e a c t i o n  cen te r ;  • • ,  
% o f  the  P -870  + wi th  s low d e c a y  kinet ics .  R igh t  panel :  • • ,  p r i m a r y  p h o t o c h e m i c a l  ac t iv i ty ,  
m e a s u r e d  as to ta l  l igh t - induced  a b s o r b a n c e  increase  a t  4 3 0  n m  d iv ided  b y  the  870  n m  a b s o r b a n c e  of  the  
sample ;  × ×, % of  the  exc i t ed  r e a c t i o n  cen te r s  t h a t  go to  the  t r ip le t  s ta te  p R ,  r a t h e r  t h a n  to  P -870  +, 
m e a s u r e d  as the  f r ac t ion  o f  the  f lash- induced  a b s o r b a n c e  increase  a t  510  n m  t h a t  decays  w i th  tl/2 ffi 25  #s. 
A t  510  n m  the  ex t i nc t i on  coef f i c ien t s  of  P-870  + a n d  p R  are a p p r o x i m a t e l y  equal  [ 3 1 ] .  Th e  ra t io  ~ , A 4 3 0 /  
A 870 is used  to  no rm a l i z e  samples  wi th  d i f fe r ing  r eac t ion  cen t e r  concen t r a t i ons .  
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Fig. 7. Cor re l a t ion  b e t w e e n  t he  i ron  c o n t e n t  a nd  s e c o n d a r y  r e a c t i o n  ac t iv i ty  in SDS- t rea ted  r e a c t i o n  
cen te rs .  SDS c o n c e n t r a t i o n s  o f  0 ~ 0 . 2 5 %  (w/v )  a nd  i n c u b a t i o n  t imes  of  I S  h to  4 days  were  used  to 
dep le t e  r eac t i on  cen te r s  par t ia l ly  o f  i ron.  O t h e r  cond i t i ons  as in Fig. 6. S e c o n d a r y  ac t iv i ty  was  m e a s u r e d  
as in Fig. 2. L e f t  panel :  n o t  c o r r e c t e d  for  loss o f  p r i m a r y  p h o t o c h e m i c a l  ac t iv i ty ;  f igh t  panel :  c o r r e c t e d  
fo r  loss o f  p r i m a r y  ac t iv i ty .  E x p e c t e d  F e / r e a c t i o n  c e n t e r  was  ca l cu la t ed  using the  f o r m u l a :  E x p e c t e d  
F e / r e a c t i o n  c e n t e r  = [P_870+/(P.870 + + p R ) ]  × ( F r a c t i o n  of  P-ST0 + w i t h  s low decay) .  This  e q u a t i o n  
assumes  t h a t  r e a c t i o n  cen te r s  t h a t  exh ib i t  p R  r a t h e r  t h a n  P -870  + have  no  i ron.  T h e  re la t ive  a m o u n t s  of  
p R  and  P -870  + f o r m e d  on  flash e x c i t a t i o n . w e r e  m e a s u r e d  as in Fig. 6. All m e a s u r e m e n t s  were d o n e  in the  
p resence  o f  sa tu ra t ing  Q. 
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reaction centers is different from that  of  active reaction centers, the plot  of  Fe/  
reaction center vs. secondary activity will be distorted. One possibility is that 
inactive reaction centers that  cannot  be reconsti tuted with added Q are missing 
both  iron and Q, since reaction centers lacking only Q are readily reconsti tuted.  
In support  of  this assumption, the decay kinetics of  the triplet state seen in the 
SDS-treated reaction centers are slower (t~/2 = 25 ~s) than those (tl/~ = 10 ~ s) 
in control  reaction centers in which photochemist ry  is blocked by  the chemical 
reduction of  QA. Fe-depleted reaction centers prepared by LiCIO4 treatment  
show similar slow decay kinetics for the triplet state after reduction of  QA 
[26].  Fig. 7b shows a plot  of  the data after 'correction'  in accordance with this 
assumption. The correlation in the middle range of  Fe content  is improved, but  
the samples with low iron content  now appear to have somewhat  less secondary 
activity than expected.  In addition a number  of  samples with high iron content  
still have greater activity than expected.  This poor  correlation is most  apparent 
when relatively low concentrations of  SDS (0.05--0.07%} are used to treat the 
reaction centers (Fig. 6). At these low concentrations,  SDS does not  signifi- 
cantly decrease primary photochemical  activity, or cause triplet formation. The 
iron content  of  the reaction center sample decreases upon t reatment  with low 
concentrations of  SDS, but  the secondary reaction activity is unchanged or 
actually increases slightly. This unexpected effect  of  low SDS concentrations 
was observed in three separate experiments of  this type. Similar anomalous 
behavior was observed when reaction centers were treated with 0.07% SDS 
for varying periods of  time (data not  shown). The secondary activity increased 
slightly with a one-day incubation, while the iron content  decreased slightly. 
Longer incubation resulted in a further loss of  iron, accompanied by decreased 
secondary activity, and eventual loss of  some of  the primary activity after four 
days incubation. 

Addition of  o-phenanthroline to LiC104 or SDS-treated reaction centers 
always converted 90% or greater of  the P-870 ÷ decay to 80--100 ms kinetics, 
just  as it did with untreated reaction centers. 

Reaction centers contain small amounts  of  Mn, which presumably substi- 
tutes for Fe in some reaction centers [1,3].  Mn analyses were performed on a 
few samples; they. were found to contain 0.06 Mn/reaction center. It was not  
determined quantitatively if the conditions that  bring about  Fe depletion also 
remove Mn, but  the few experiments that  were performed suggested that  Mn 
was somewhat  more resistant to removal than Fe. 

T h e  m e c h a n i s m  o f  t he  back  r eac t ion  b e t w e e n  Q~ a n d  P - 8 7 0  ÷ 
The kinetics of  the back reaction between P-870 ÷ and Q- have been used to 

assay the extent  of  secondary reaction that occurs after flash excitation. How- 
ever, it is not  clear whether  the 1 s back reaction represents a direct back reac- 
tion between Q~ and P-870 ÷, or the thermal repopulation of  Q ]  followed by a 
back reaction between Q~ and P-870 ÷. The former mechanism predicts that  
addition of  o-phenanthroline to reaction centers in the P-870 ÷ Q~ state would 
have no effect  on the back reaction kinetics. The latter mechanism predicts 
that  the back reaction will slow down,  since the rate-limiting step between Q~ 
and QA would be slowed considerably by o-phenanthroline. To investigate this 
point,  the stopped-flow experiment shown in Fig. 8 was performed.  Reaction 
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Fig. 8. S t o p p e d - f l o w  b a c k  r eac t i on  kinet ics .  E x p e r i m e n t  p e r f o r m e d  as desc r ibed  in Materials  an d  Methods  
and  tex t .  Curves  a, c, e; 10 ~M r e a c t i o n  c e n t e r s  were  m i x e d  wi th  0 .025% laury l  d i m e t h y l a m i n e  oxide ,  
10 m M  Tris ( pH  8.0) ,  10 /~M E D T A ,  and  4% e thano l .  Curves  b,  d, and  f; 10 ~M reac t i on  cen te r s  were  
m i x e d  wi th  t he  s a m e  b u f f e r  so lu t ions  inc lud ing  4 m M  o-phenan th ro l i ne .  In curves  a and  b d a r k - a d a p t e d  
samples  were  m i x e d  and  t h e n  given a b r o a d - b a n d  in f ra red  flash. In  curves  c an d  d0 t h e  samples  were  pre- 
i l l umina t ed  wi th  w h i t e  l ight  a nd  t h e n  m i x e d .  In  curves  e and  f the  samples  were  p r e h i u m i n a t e d ,  m i x e d  
and  the  f lashed.  T h e  t r aces  show the  opt ica l  a b s o r b a n c e  a t  6 0 0  n m ;  an  u p w a r d  de f l ec t ion  is an  abso rbance  
decrease .  Opt ica l  p a t h  l eng th  = 2.2 c m.  

centers containing nearly two quinones and one iron per reaction center were 
mixed with buffer  alone or with buffer  containing 4 mM o-phenanthroline, and 
the back reaction kinetics were observed. 

Fig. 8a and b are control  experiments designed to determine if there is any 
significant delay before o-phenanthroline is able to exert  its blocking effect  on 
the secondary reaction. The solutions were mixed and a short t ime later a flash 
was given. Fig. 8a shows that control  reaction centers mixed with buffer  alone 
decay predominantly by the 1 s pathway,  as expected.  Fig. 8b shows that reac- 
tion centers mixed with o-phenanthroline and then excited with a flash show 
the 100 ms decay half-time characteristic of  blocked systems. This establishes 
that  o-phenanthroline is able to block the secondary reaction within a few 
hundred milliseconds after mixing * 

Fig. 8c and d shows that  decay kinetics of  samples preilluminated with con- 
t inuous light prior to mixing with buffer  (Fig. 8c) or with buffer  plus o-phenan- 
throline (Fig. 8d). In this case, Qs is reduced before the addition of  the 
o-phenanthroline. The decay occurs via the 1 s path in both  Fig. 8c and d; 
o-phenanthroline has no effect.  Fig. 8e and f show decay kinetics of  samples 
which were preilluminated, mixed and then given a flash. The decay in reac- 
tion centers mixed with buffer  alone (Fig. Be) is predominantly slow both  
after the preillumination and after flashes that  follow the mixing. Reaction 
centers preilluminated and then mixed with o-phenanthroline exhibit  slow 
decay kinetics following the preillumination, but  flashes given after mixing 

* These  con t ro l s ,  a n d  t he  s imilar  ones  in Fig. 8e a nd  f, show t h a t  o -phenanthro lLne  reac t s  rap id ly  w i th  
r eac t i on  cen te r s  t h a t  are in the state Po870 QAQB.  A n  a m b i g u i t y  in the exper iments  is that the con t ro l s  
c a n n o t  s h o w  r igorous ly  t h a t  o - p h e n a n t h r o l l n e  r eac t s  rap id ly  if the  r eac t i on  cen te r s  are  in t h e  s ta te  
P '870+ Q A Q ~"  
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induce rapid decay,  as they do in Fig. 8b. These experiments show that 
reaction centers in state P-870 ÷ Q~ decay with a rate constant  of  approx. 1 s -1, 
regardless of  the presence of  o-phenanthroline, thus supporting the direct back 
reaction between P-870 ÷ and Q~ as the decay mechanism. The back reaction via 
Q~, appears to be slow, relative to the 1 s -1 rate of  the reaction between Q~ and 
P-870 ÷. 

Discussion 

The data presented in this paper indicate that  the primary photochemical  
reaction proceeds unperturbed in reaction centers that  have been depleted of  
iron. This agrees with earlier findings that  preparations treated to remove iron 
retained photochemical  activity [6,7,37].  With the exception of  the work of  
Loach and Hall [6],  earlier studies have not  included quantum yield determina- 
tions and so have been inconclusive as to whether iron plays any role in the 
primary reaction. Loach and Hall found that the quantum yield of  g = 2 radical 
formation in Fe-depleted subchromatophore  particles was higher than in 
chromatophores.  In chromatophores,  the g = 2 ESR signal is thought  to be 
due almost exclusively to P-870 ÷, whereas in iron-depleted preparations it also 
arises from Q] .  By assuming that the quantum yield of  P-870 ÷ formation was 
the same as it is in chromatophores,  Loach and Hall calculated a relative quantum 
yield of  60% for Q~ in the subchromatophore  particles. This was close to the 
percentage of  the reaction centers that  had been depleted of  Fe in the particles. 
Our experiments (Fig. 1) provide a somewhat  more direct demonstrat ion that  
the quantum yield in iron-depleted reaction centers is the same as it is in con- 
trol reaction centers. The picosecond experiments indicate that  the rate of  
electron transfer between I- and QA is undisturbed in ironKlepleted reaction 
centers. In summary,  iron seems to play no significant role in the primary 
reaction. 

The data obtained using LiC104 incubation as a means to deplete reaction 
centers of  iron indicate a 1 : 1 relationship between iron content  and the 
extent  of  the secondary reaction between Q~, and Qn. The experiments in 
which SDS was used to deplete reaction centers of  iron show qualitatively the 
same results, bu t  quantitatively the correlation between iron content  and 
secondary reaction activity is not  as good. The SDS experiments are compli- 
cated by the tendency of  the reaction centers to lose primary activity upon 
treatment  with higher concentrations of  SDS. However, the correlation 
between Fe content  and secondary activity is poor  even at SDS concentrations 
below those that  cause a decrease in primary activity. Consistently more 
secondary activity is observed than is expected on the basis of  the iron content.  

SDS t reatment  was used by Feher et al. [7] to deplete reaction centers of  
iron. They reported that  SDS caused some loss of  primary activity at room 
temperature,  and a severe loss of  activity at low temperature.  The effects of  
SDS thus appear to be complex,  and they could be at tended by structural 
reorganization in the reaction center. SDS-treated reaction centers that  have 
been extensively dialyzed to remove SDS bind irreversibly to DEAE cellulose, 
implying that there is still a considerable amount  of  SDS attached to the 
reaction centers. For  these reasons, we place more weight on the experiments 
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employing LiCIO4, and favor the interpretation that  Fe is required for electron 
transfer from Q~, to QB. 

Recent  ESR experiments have shown that  either Q~, or Q~ can couple 
magnetically to the Fe of the reaction center, so that  the ESR spectra of  the 
two radicals are similar, though not  quite identical [20,24,25].  This suggests 
that  iron is nearly equidistant from the two quinones, and in a position to 
mediate electron transfer between them. No experiments reported so far, how- 
ever, indicate whether  the iron becomes transiently reduced or oxidized during 
the secondary reaction. Iron could serve a purely structural role, correctly posi- 
tioning the quinones with respect to each other. If o-phenanthroline binds to 
the iron, it might simply displace Qs.  Reaction centers treated with o-phenan- 
throline exhibit  slightly different ESR spectra from untreated reaction centers 
[2],  and t reatment  with o-phenanthroline facilitates the removal of  quinones 
from the reaction center by detergent [11].  Both untreated and chemically 
reduced reaction centers show MSssbauer spectra [38] and magnetic suscepti- 
bility [39] characteristic of  ferrous iron. However,  transient oxidation or 
reduction of  the iron would  not  be observed in these measurements.  

The double-flash experiments indicate that the first quinone acceptor 
normally is able to be reduced only as far as the semiquinone, in both  control 
and iron-depleted reaction centers. Although Q~ apparently can be reduced 
further to Q~ (or the dihydroquinone QAH2) under certain conditions, this is 
evidently a very slow process [40].  The nature of  the environment that  confers 
this unusual proper ty  to QA is unclear, except  that  iron appears not  to be the 
major factor. It has been reported recently that  t reatment  of  reaction centers 
with SDS or chaotropic agents converts redox titrations of  Qa from one- 
electron to two-electron curves [41].  This apparent discrepancy remains to be 
resolved, bu t  the redox titrations also could reflect processes that  are too  slow 
to be important  during the photochemical  electron transfer reactions. 

Fig. 2 shows that  reaction centers that  contain two quinone molecules 
exhibit  slow back reaction kinetics. Previous studies have shown that addition 
of  excess Q to reaction centers produces slow decay kinetics, but  it was not  
established until now whether  endogenous QB elicited the same behaviour, or if 
the slow back reaction occurred from a tertiary acceptor.  The 10-fold differ- 
ence in back reaction rate from Q~ and Q~ is easily explained using recent 
theories of electron transfer [42--45] if the distance between P and QB is 
slightly larger than the distance between QA and P, as might be expected in a 
series scheme. We favor the view that  the reaction center contains a series 
arrangement in which one Q always serves as primary acceptor  and another 
serves as secondary acceptor.  A parallel scheme in which P-870 can reduce 
either QA or QB directly would require the ad hoc assumption that a conforma- 
tional change occurs after the first Q is reduced, and that during this conforma- 
tional change the system is refractory to another electron transfer. The confor- 
mational change would have to displace Q- from P such that the back reaction 
rate is slowed by a factor of  ten. In addition, a parallel scheme requires that  the 
conformational  change not  occur in reaction centers which contain only one Q, 
those which have lost Fe, and those treated with o-phenanthroline. The series 
scheme very naturally explains all the data obtained to date. 

In reaction centers that  contain Fe and both QA and QB, the decay of P-870 ÷ 
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after flash excitation occurs by a relatively slow process, with a halftime of  
about 1 s. The stopped flow experiments shown in Fig. 8 support the inter- 
pretation that the 1 s decay is due to a direct back reaction between Q~ and 
P-870 ÷. This allows one to calculate a limit for the equilibrium constant for 
electron transfer between QA and QB. Since Q]  decays by a back reaction with a 
rate constant of  about 10 s -~, the apparent rate constant for the decay of  an 
equilibrium mixture of  Q~,QB and QAQ~ via QA would be 10 s -~ × (Q~QB)/ 
[Q~QB) + (QAQ~)]. An upper limit of  0.2 s -~ for this (20% of the overall rate 
constant of  about 1 s -~) means that Keq = (QAQ~)/(Q~Qs) >~ 50. The apparent 
midpoint  redox potential o f  QB must be >~ 100 mV more positive than that of  
QA. Redox titrations of  C. vinosum chromatophores [32] have given apparent 
midpoint  redox potential values consistent with this conclusion. For reasons 
that are not  clear, however, the titrations depend on whether N-methylphenazi-  
nium methosulfate is used as a mediator. 
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