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Modification of chloroplast membranes with diazonium benzene sulfonate (DABS) leads to a loss of 
Photosystem I-dependent ferredoxin reduction but not methyl viologen reduction. EPR studies of 
DABS-modified membranes show no inhibition of P-700 + formation at cryogenic temperatures, but 
iron-sulfur Center A photoreduction is markedly inhibited. Iron-sulfur Center B photoreduction at physiologi- 
cal temperatures in DABS-modified membranes is also markedly inhibited and little Center B can be 
detected after dark chemical reduction. These results indicate DABS specifically modifies iron-sulfur Center 
B of the spinach chloroplast Photosystem I electron acceptor complex and that Center B is obligately 
required for the reduction of Center A at cryogenic temperatures. Possible electron transport pathways at 
physiological temperatures are also considered. 

Introduction 

Diazonium derivatives have been used exten- 
sively to study topological organization of electron 

carriers in biological energy-transducing mem- 
branes [l]. The most widely used compound of this 
group, p-diazonium benzene sulfonate (DABS), is 
a hydrophilic reagent that reacts rapidly with a 
variety of amino acid side-chains under mild con- 
ditions [2,3], making it an ideal marker for surface 
labeling of exposed membrane proteins. DABS 
modification has been applied to both 
mitochondrial [4-61 and chloroplast [7-lo] mem- 
branes in an attempt to analyze the structural 
organization of specific electron transport pro- 

teins. 
Dilley and co-workers have reported on the 

Abbreviations: DABS, diazonium benzene sulfonate; PSI, II, 

Photosystem I, II; DCIP, dichlorophenol indophenol. 
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effect of DABS modification of chloroplast mem- 

branes on the activities of PS II [9] and PS I [lo]. 
In the latter case, it was found that DABS ap- 

peared to interact specifically with an 
electron-transfer component in the PS I electron- 
acceptor complex required for reduction of chloro- 

plast ferredoxin, while photoreduction of methyl 
viologen was not affected by this modification. No 
detailed study of this site of action of DABS was 

presented in this work and the present report was 
initiated in an attempt to define the nature of the 
modifications produced by DABS in PS I. 

The PS I electron acceptor complex is known to 
contain several different acceptor molecules (for a 

recent review, see Ref. 11). Iron-sulfur Centers A 
and B were first identified using low-temperature 
EPR techniques [12], and an additional stable 
electron acceptor, known as Component X, was 
subsequently identified [13,14]. The chemical na- 
ture of Component X is not yet resolved. More 
recently, two additional intermediate electron 
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acceptors have been proposed to function prior to 
Component  X. These are known as A 0 and A 1 
[15,16]. The detailed role of all these centers is not 
yet fully understood. For example, it is not known 
if the iron-sulfur centers function in a linear se- 
quence or in parallel pathways [11]. Specific mod- 
ification of one center would greatly aid in func- 
tional elucidation of the role of such centers. 

The studies reported in the present work indi- 
cate DABS modification of PS I specifically af- 
fects one of the bound iron-sulfur centers of the 
primary electron-acceptor complex (Center B), and 
these results are discussed in terms of the func- 
tional roles of the different bound iron-sulfur 
centers of PS I. 

Materials and Methods 

Chloroplast isolation. Chloroplasts were isolated 
from freshly picked greenhouse-grown spinach 
leaves. Approx. 50 g deveined leaves were blended 
for 20 s at 4°C in a Waring blender in 150 ml 
solution comprising 300 mM sucrose/50 mM 
potassium phosphate buffer (pH 7.8)/20 mM 
NaC1. The slurry was filtered through filtering silk 
and the filtrate centrifuged for 1 min at 3000 x g. 
The pellet, which contained intact chloroplasts, 
was resuspended in 150 ml 50 mM potassium 
phosphate buffer (pH 7.2)/100 mM NaC1 and 
centrifuged for 5 min at 35 000 × g. The resulting 
pellet was resuspended in a small volume of the 
same solution at a chlorophyll concentration of 
3 -4  mg/ml .  The chloroplast preparation was im- 
mediately used for DABS modification. 

DABS modification of chloroplast membranes. 
Freshly prepared solutions of DABS were pre- 
pared as described by Tinberg et al. [17]. For some 
experiments, this stock solution was rapidly frozen 
to 77 K in small aliquots and these were stored at 
- 2 0 ° C .  Aliquots were then thawed when desired 
and used for modification studies. No differences 
between freshly prepared DABS solutions and 
frozen aliquots have been noted. 

The labeling procedure used was based on the 
results of Selman et al. [10]. Chloroplast mem- 
branes at a concentration of 1 m g / m l  in 50 mM 
potassium phosphate buffer (pH 7.2)/100 mM 
NaCI were illuminated at 4°C with red light 
(Corning 2-64 filter) for 30 s. The sample was 

gently mixed during this period. DABS was then 
added to give a final concentration of 2 mM and 
illumination was continued for another 1 min. At 
this time, the chloroplasts were diluted with ap- 
prox. 40 ml phosphate NaC1 buffer and the chlo- 
roplasts pelleted by centrifugation at 35000 × g 
for 5 min. The resulting pellet was washed two 
additional times to remove excess DABS by sus- 
pension in the above buffer, followed by centrifu- 
gation. The final pellet was resuspended in a small 
amount of 300 mM sucrose/50 mM potassium 
phosphate buffer (pH 7.8)/20 mM NaC1/1 mM 
EDTA at a chlorophyll concentration of 4-5  
mg/ml .  The inclusion of EDTA was required to 
remove manganese EPR signals that appeared after 
DABS treatment. The chloroplast membranes were 
frozen rapidly at 77 K in small aliquots and stored 
at - 2 0 ° C .  Control membranes were treated in an 
identical manner except that the DABS treatment 
was omitted. 

Assays of photochemical activity. Assays of PS I 
activity were done by measuring oxygen uptake in 
a Rank 02 electrode. Reaction mixtures in a volume 
of 2.0 ml contained 100 mM Tricine-KOH (pH 
7.2), 1 /~M D C M U / 7 . 5  mM NH4C1/10 mM 
sodium ascorba te /0 .1  mM dichlorophenolin- 
dophenol (DCIP) /1  mM NAN3/50 ~g chloroplast 
membranes,  and when present, 25 /~M methyl 
viologen or 100 ~g chloroplast ferredoxin. Samples 
were illuminated with saturating orange light of 
intensity of ~ 5 • 105 e rg / cm 2 per s at 20°C. 

EPR spectroscopy. EPR analyses of. chloroplast 
membranes were done in an X-band modified 
JEOL spectrometer operating with 100 kHz field 
modulation. Chloroplast samples, at a chlorophyll 
concentration of 3-5 mg/ml ,  were dark-adapted 
at 4°C for 10 min prior to freezing to 77 K in 
calibrated 3 mm i.d. quartz tubes. EPR spectra 
were recorded at temperatures indicated in figure 
legends with spectrometer settings given in ap- 
propriate figures. Illumination at cryogenic tem- 
peratures was done using light from a 150 W 
tungsten-halogen source that pased through a red 
filter (Corning 2-64). Illumination at room temper- 
ature was done using a 100 W incandescent source. 
Redox potentiometry in conjunction with EPR 
analysis was done as previously described [18] 
using an anaerobic titration cell, and potentials 
were monitored with a platinum electrode. 



Results 

P S I  electron transport activity. The experimen- 
tal results of Fig. 1 show the PS I-dependent 02 
uptake in the presence of an autoxidizable elec- 
tron-acceptor and the electron-donor system, re- 
duced DCIP. In untreated chloroplasts, 02 uptake 
is stimulated approx. 7-fold by the addition of 
methyl viologen and approx. 3-fold by the addi- 
tion of ferredoxin. In DABS-modified membranes, 
rates of methyl viologen reduction were compara- 
ble to control rates while a substantial inhibition 
of ferredoxin reduction occurred. With anthra- 
quinone sulfonate as electron acceptor, results were 
similar to those with methyl viologen in that DABS 
treatment produced no inhibition. In a series of 
experiments, ferredoxin reduction was generally 
inhibited 80-90% after DABS treatment in the 
light. These results agree with those reported by 
Selman et al. [10] except that these workers used 
N A D P  photoreduction in the presence of endoge- 
nous ferredoxin and ferredoxin-NADP reductase 
as a measure of ferredoxin reduction, while methyl 
viologen reduction was measured on the basis of 
O 2 uptake. Also in agreement with these workers, 
ferredoxin reduction showed a more pronounced 
inhibition when DABS treatment was done under 

Control 

No Acceptor + Methyl Viologen 4- Ferredoxin 

Gnm 0 2 

t rnln ) 

Fig. 1. PS I  electron transport in DABS-modified chloroplasts. 
Reaction mixtures, described in Materials and Methods, were 
used for measurement  of 02 uptake in the absence of electron 
acceptor or in the presence of ferredoxin or methyl viologen. 
Rates next to each recorder trace are/~mol 02 taken up per mg 
chlorophyll per h. 
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illumination as opposed to in the dark. These 
results demonstrate that after DABS modification, 
P S I  can still function to transfer electrons to 
low-potential electron acceptors but that electron 
transfer to the physiological electron acceptor, fer- 
redoxin, was specifically altered. 

EPR studies of PS L In order to study the site 
of action of DABS action in PS I, EPR studies of 
reaction center components were carried out at 
cryogenic temperatures in control and DABS- 
labeled membranes. 

As shown in Fig. 2, the reaction-center chloro- 
phyll of PS I, P-700, undergoes photooxidation at 
cryogenic temperatures and P-700 ÷ is char- 
acterized by a light-minus-dark EPR signal with a 
g-value of 20026. The results of a similar experi- 
ment with DABS-modified membranes are shown 
in Fig. 3. In the labeled membranes, P-700 ÷ for- 
mation can also be observed at cryogenic tempera- 
tures and the extent of the photoinduced free-radi- 
cal signal is comparable to that in control mem- 
branes when corrected for differences in chloro- 
phyll concentration between these two samples. It 
should also be noted that no difference in the 
P-700 ÷ signal was observed either during or after 
illumination at 30 K in either case, indicating 
P-700 ÷ formation to be irreversible in both sam- 
pies. 

AFTER LIGHT/~ g =2 0026 

,89 °uss' ~ j L I G H T - D A R K  

CONTROL 
CHLOROPLASTS 

Fig. 2. P-700 photooxidation at 30 K in control chloroplast 
membranes.  Chloroplasts (2.3 m g / m l )  were incubated at 4°C 
in the dark in the presence of 10 mM ascorbate for 10 min 
prior to freezing to 77 K. After running a dark spectrum the 
sample was illuminated at 30 K for 30 s with red light. EPR 
conditions: field, 3285+50 G; microwave power, 0.02 mW; 
modulation amplitude, 2.5 G; temperature, 30 K. 
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AFTER LIGHT DABS-MODIFIED 
CHLOROPLASTS 

~ _ , . ~ L t G H T -  DARK 
8 gouss 

Fig. 3. P-700 photooxidation at 30 K in DABS-modified chlo- 
roplast membranes. DABS-modified chloroplasts (2.6 m g / m l )  
were treated as described in Fig. 2. EPR conditions were the 
same as in Fig. 2. 

Accompanying P-700 + formation at cryogenic 
temperatures under mildly reducing conditions (in 
the presence of ascorbate) is the photoreduction of 
a bound iron-sulfur center (Center A), char- 
acterized by EPR g values at 2.05, 1.94 and 1.86. 
As shown in Fig. 4, control membranes show a 
photoreduction of Center A as indicated by the 

g= 1.94 1.89 1.86 
I I I 

/" AFTER LIGHT AT 151< / / /  ~ 

LIGHT-DARK 

40 Gauss 

Fig. 4. Iron-sulfur center photoreduction at 15 K in control 
chloroplast membranes.  Control chloroplasts (3.5 m g / m l )  were 
treated as described in Fig. 2. EPR conditions: field setting, 
3400___250 G; microwave power, 5 mW; modulation ampli- 
tude, 10 G; temperature, 15 K. 

appearance of EPR g values at 1.94 and 1.86. 
When the DABS-modified membranes are ex- 
amined for the extent of Center A photoreduction, 
a significant difference over control membranes is 
observed (compare Figs. 5 and 4). As shown in 
Fig. 5, the extent of Center A photoreduction is 
markedly inhibited in DABS-modified membranes 
and in this particular experiment, based on equiva- 
lent chlorophyll concentrations. Center A photore- 
duction was inhibited approx. 75 percent even 
though P700 ÷ formation was 80% of that of the 
control sample. Thus, DABS-modified membranes 
are still able to photooxidize P-700 at cryogenic 
temperatures, but the electron released from P-700 
does not go to Center A. 

The results of Fig. 5 also document that no 
photoreduction of iron-sulfur Center B has oc- 
curred in the DABS-modified membrane. This 
center, with EPR g values of 2.05, 1.92 and 1.89, 
can be photoreduced at cryogenic temperatures 
under conditions where Center A is reduced in the 
dark prior to illumination at cryogenic tempera- 
tures [19] but the absence of the specific Center B 
g values after illumination at cryogenic tempera- 
tures indicates the absence of Center A photore- 
duction is not the result of an accumulation of 
reduced Center B. 

Another possible electron acceptor in DABS- 

g = 1.94 1.89 1.86 
I I I 

$ I 

40 Gauss 

Fig. 5. Iron-sulfur center photoreduction at 15 K in 
DABS-modified chloroplasts. DABS-modified chloroplasts (4.5 
m g / m l )  were treated as described in Fig. 2. EPR conditions 
were as in Fig. 4. 



modified membranes could be the EPR-detectable 
component  denoted X. This carrier, with a char- 
acteristic EPR g value at approx. 1.75, has been 
proposed as the first stable electron acceptor in PS 
I [13,14]. The EPR signal of X is difficult to detect, 
requiring high power and extreme low tempera- 
tures (approx. 5-10 K) [20]. Under the conditions 
of the present EPR studies, it has not been possi- 
ble to detect a photoreduction of X after illumina- 
tion of DABS-modified membranes at cryogenic 
temperatures. However, because of the technical 
difficulties in detecting this signal, this negative 
result cannot be taken as conclusive evidence that 
X is not photoreduced in the modified mem- 
branes. If X acts as the electron acceptor under 
these conditions, its photoreduction must be irre- 
versible, since P-700 + formation is irreversible. In 
untreated membranes poised at low redox poten- 
tials where a photoreduction of X has been 
observed, a reversible back-reaction between P- 
700 + and X -  has been observed at cryogenic tem- 
peratures [14,21]. 

Another experimental technique to study the PS 
I electron acceptor complex involves illumination 
of samples at physiological temperatures in the 
presence of different electron donors [22]. This 
procedure has been used to observe the EPR sig- 
nals of early P S I  electron acceptors [15,16,23-25] 
as well as those of X and Centers A and B [20,26]. 
As shown in Fig. 6, when membranes are treated 
with sodium dithionite at an alkaline pH and 
illuminated with strong light during freezing, the 
photoreduction of Centers A and B occurs (a 
g-value shift from 1.86 to 1.89 for Center A is 
observed under these illumination conditions). 
However, when DABS-modified membranes are 
treated in a similar manner, the resulting low 
temperature EPR signal originates primarily from 
Center A with g values at 2.05, 1.94 and 1.86, 
while there is little reduction of Center B as evi- 
denced by the absence of prominent signals at 1.92 
and 1.89. The amount of Center A photoreduced 
at physiological temperatures in DABS-modified 
membranes is approximately the same as that in 
control membranes. 

Photoreduction at physiological temperatures 
has also been done using ascorbate plus dichloro- 
phenol indophenol (DCIP) as the electron donor 
at pH 7.2. The results of this experiment are 

6"7 

0 Gouss 

1.94 1.92 1.89 1.86 
I I I I 

CONTROL CHLOROPLASTS 

\ DABS-TREATED 

Fig. 6. Iron-sulfur center photoreduction in control and 
DABS-modified chloroplast membranes illuminated at 300 K. 
Control and DABS-modified chloroplasts (3.5 mg/ml)  were 
incubated in 0.1 M glycine buffer (pH 11.0) in the presence of 3 
mg sodium dithionite at 4°C for 10 min under N 2. Samples 
were illuminated for 30 s with white light prior to freezing to 77 
K in the light (approx. 1 min freezing time). EPR conditions 
were as in Fig. 4. 

4~ GAU;S 

Fig. 7. Dark chemical reduction of iron-sulfur centers in con- 
trol and DABS-modified chloroplast membranes. Control or 
DABS-modified membranes (3.5 mg/ml)  were in a reaction 
mixture containing 0.1 M glycine buffer (pH 11), 50 ~M 
methyl viologen and 50 ~M triquat. The sample was in an 
anaerobic redox-titration cell and the redox potential was ad- 
justed to -632  mV by the addition of sodium dithionite. 
Samples were removed under anaerobic conditions and trans- 
ferred to anaerobic EPR tubes prior to freezing to 77 K. All 
operations were done in darkness. EPR conditions were as in 
Fig. 4. 
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similar to those shown in Fig. 6 where Center A is 
photoreduced with little evidence for a concom- 
itant photoreduction of Center B. 

The above-described experiments are all based 
on a photoreduction procedure during which the 
bound iron-sulfur centers of P S I  are detected 
following illumination at either cryogenic or physi- 
ological temperatures. It is also possible to reduce 
Centers A and B in the dark by chemical redox 
titration at an alkaline pH [27,28], and the results 
of such a measurement with control and DABS- 
modified membranes are shown in Fig. 7. Both 
Centers A and B are almost fully reduced at a 
redox potential of - 6 3 5  mV in control mem- 
branes, in agreement with the reported E m values 
of these centers [27,28]. However, at a similar 
potential the DABS-modified membranes show 
only a substantial reduction of Center A and little 
reduced Center B. 

Discussion 

Modification of chloroplast membranes with 
the membrane-impermeant  probe, DABS, leads to 
specific effects in the electron-acceptor complex of 
P S I .  While methyl viologen reduction is unaf- 
fected, ferredoxin reduction is markedly inhibitied 
and this site of inhibition also results in inhibition 
of NADP reduction. This differential effect on 
soluble low-potential electron acceptors indicates 
the site of action of DABS is not on the electron 
donation side of the P S I  reaction center but is 
specifically in the electron-acceptor complex. 

EPR studies at cryogenic temperatures have 
localized the site of DABS action at iron-sulfur 
Center B. This center does not undergo apprecia- 
ble photoreduction in samples illuminated at phys- 
iological tempera tures  and is significantly 
diminished in amount in samples poised at low 
enough redox potentials to reduce it chemically in 
the dark. The absence of Center B manifests itself 
in an inhibition of iron-sulfur Center A photore- 
duction at cryogenic temperatures. Under these 
conditions in untreated membranes, only a single 
electron is removed from P-700 to form P-700 + in 
the light, and this electron passes though several 
electron carriers before reducing Center A. The 
results of the present study support a strict linear 
sequence of electron transfer in which Center B is 

reduced prior to Center A and is obligately 
required for Center A photoreduction at cryogenic 
temperatures. This result disagrees with a recent 
model proposed by Golbeck and Warden [29], 
based on an entirely different experimental ap- 
proach. These workers have suggested spinach 
chloroplast Center A and B act as alternate elec- 
tron acceptors from a common intermediate, pre- 
sumably component  X. 

While the results obtained at cryogenic temper- 
atures are consistent with a linear sequence of 
electron carriers, a similar conclusion at physio- 
logical temperatures is less definitive. Under the 
latter conditions, Center A can be photoreduced in 
samples deficient in Center B. However, the nature 
of the reactions at physiological temperatures dif- 
fer in several important respects from those at 
cryogenic temperatures, since multiple turnovers 
of the reaction center can occur and molecular 
diffusion is not inhibited. Although there is no 
apparent mechanism by which a substoichiometric 
of Center B could interact with a larger amount of 
Center A, presumably located in different reaction 
centers, these experiments do not eliminate this 
possibility. The possible involvement of reactants 
related to the presence of dithionite which mediate 
electron transfer between reactions centers is 
another possibility that cannot yet be excluded. 
Alternatively, a pathway for Center A photoreduc- 
tion might occur at physiological temperatures that 
is independent of Center B, and therefore the 
pathway of Centers A and B reduction at cryo- 
genic and physiological temperatures might actu- 
ally differ. Further experimental work at physio- 
logical temperatures is required to clarify these 
points. 

Another important observation with DABS- 
modified membranes is the stable formation of 
P-700 + in the absence of reduced Center A. Pre- 
sumably, Component  X has been formed as the 
reaction center partner in this reaction and while 
these two electron carriers have been reported to 
back react at cryogenic temperatures [14,21], this 
reaction is inhibited after DABS-modification. Di- 
rect attempts to measure X -  have not yet been 
successful in the DABS-modified membranes but 
further studies with DABS-modified enriched P S I  
preparations may provide direct evidence on the 
role of this component. An additional conclusion 



f r o m  the p re sen t  w o r k  is tha t  m e t h y l  v io logen  can  

accep t  e lec t rons  d i rec t ly  f r o m  an e l ec t ron  accep-  

tor,  p r e s u m a b l y  X, in D A B S - m o d i f i e d  m e m b r a n e  

whi le  f e r r edox in  r e d u c t i o n  requi res  b o t h  b o u n d  

i ron - su l fu r  cen te r s  in func t iona l  f o r m  in o r d e r  to 

be  reduced .  Th is  d i f f e rence  m a y  be  re la ted  to the 

re la t ive  i m p e r m e a b i l i t y  o f  f e r r edox in  and  a pre-  

s u m e d  speci f ic  b i n d i n g  site at or  near  the m e m -  

b r a n e  surface.  

These  s tudies  h a v e  p r o v i d e d  an e x p e r i m e n t a l  

tool  for  the  speci f ic  m o d i f i c a t i o n  of  one  e l ec t ron  

ca r r i e r  in the  p r i m a r y  e l ec t ron  a c c e p t o r  c o m p l e x  

o f  sp inach  c h l o r o p l a s t  PS I. In  a d d i t i o n  to p rov id -  

ing  e v i d e n c e  for  a l inear  cha in  of  e l ec t ron  carr iers  

in this complex ,  D A B S  t r e a t m e n t  m a y  of fer  an 

a p p r o a c h  for  s t ruc tu ra l  i den t i f i ca t ion  o f  the  

spec i f ica l ly  l abe led  c o m p o n e n t ,  us ing  r ad ioac t ive ly  

l abe led  D A B S  to iden t i fy  the m o d i f i e d  p o r t i o n  o f  

the  r eac t ion  center .  
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