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Photosynthetic membrane fragments separated from whole cells of the green alga Dunaliella papa,  were 
oriented by incorporation into multilayers on thin Mylar films. These partially dehydrated films were then 
examined by EPR spectroscopy for evidence of orientation of paramagnetic components. Five previously 
identified paramagnetic components, the reduced states of iron-sulfur clusters A and B, the intermediate 
acceptor X - ,  the reduced Rieske iron-sulfur cluster, and oxidized cytochrome b-559, displayed EPR signals 
showing orientation. In addition, several previously unknown paramagnetic components were also observed to 
be oriented. Four components, previously characterized in spinach chloroplast preparations, the iron-sulfur 
clusters A and B, the intermediate acceptor X - ,  and cytochrome b-559, were shown to be similar in the green 
alga, D. parva. The orientations of iron-sulfur clusters A and B, however, were determined unambiguously in 
this preparation; this was not possible in previous work with spinach. The heme plane orientation of 
cytochrome b-559 was found to be perpendicular to the membrane plane in agreement with the results in 
spinach preparations. A new photoinduced EPR signal with g values of 1.88, 1.97 and 2.12 was seen only in 
the oriented preparations and was indicative of a reduced iron-sulfur cluster with an orientation different 
from that of iron-sulfur cluster A or B. This suggests the existence of a previously unidentified acceptor in 
Photosystem I of green plants. These studies clearly show that the orientation of these components in 
bioenergetic membranes are conserved over a large span of evolutionary development and are, therefore, an 
important aspect of the mechanism of electron transfer. 

Introduction 

There are three advantages m studying oriented 
photosyntheUc membranes or membrane frag- 
ments by EPR spectroscopy. First, orlentauon of 
the paramagneUc moments can result m enhanced 
detectabd~ty EPR intensity is proportional to the 
number of spins interacting with the microwave 

Abbrevlauons DBMIB, 2,5-dtbromo-3-methyl-6-1sopro- 
pylbenzoqumone, DDQ, 2,3-dlcyano-5,6-dlchloro-p-benzo- 
qumone 

radlaUon field. However, m the usual 'powder 
spectrum' case, at any magnetic field value (H0), 
only a small fraction of the spins satisfy the EPR 
resonance condluon In oriented samples at an 
optimal angle, the same number of spins are dis- 
tributed over a smaller range of H 0 values, there- 
fore, the resonance condmon is satisfied for a 
larger number of spins for a given H 0 and, conse- 
quently, the EPR signal-to-no~se ratio Is increased 
when compared to the usual powder spectrum 
case Second, a deterrmnaUon of the angular de- 
pendence of the EPR stgnal intensity leads to 



assignment of measured g values belongjng to the 
same paramagnetic center, since related g value 
components  must be orthogonal; Le., the squared 
direction cosines of the angles between the mea- 
sured g value maximum intensities and the mem- 
brane normal must sum to unity for related com- 
ponents Third, the measured orientation for a set 
of g values denved from a particular paramagnet~c 
center can lead to structural reformation about 
that center and ~ts spatml onentatlon within the 
photosynthetic membrane when convincing mod- 
els exast for the electronic configuration of the 
EPR chromophore 

Detailed spectroscopic studies have been re- 
ported for the onentat lon of cytochromes, iron- 
sulfur clusters, and other components in both 
rmtochondrlal and photosynthetic (bacterial) sys- 
tems [ 1-5]. Other investigations in plant photosyn- 
thetic systems have m&cated the onentat lon of 
iron-sulfur clusters A and B , and the Raeske 
iron-sulfur cluster, as well as of several cytochro- 
mes revolved m the dark electron-transport regmn 
of the green-plant photosynthetic 'Z-scheme'  [6-8] 
Studies presented here provide onentat~on data 
yielding the onentat~on of the magnetic axes of 
iron-sulfur centers A and B, the Raeske center, the 
mterme&ate  photoacceptor of Photosystem I (X-),  
cytochrome b-559, and for several previously un- 
known paramagnetlc components  m the photosyn- 
thetxc electron-transport systems of the green alga, 
Dunahella parva In addmon,  m the case of cyto- 
chrome b-559, we deterrmned that the heme plane 
is perpendicular to the membrane plane. 

A companson between these electron-transfer- 
nng  components m the green alga, D parva, and 
those in spinach and analogous components m 
bactena  dhistrates remarkable slmalantles m the 
onentat lon of these components  which span the 
evolutionary scale from bactena to higher plants. 
This smulanty provided additional evadence for 
the mfluence of specific orientations m mechamsm 
of electron transfer 

Materials and Methods 

D parva membrane fragments were separated 
from cultures which were a gift f rom Professor M. 
Avron (Weizmann Institute, Israel) and prepared 
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as previously reported [9]. Broken chloroplasts were 
then onented by layering a concentrated suspen- 
sion onto collodion-coated Mylar strips [2,10]. 
Low-temperature EPR spectra were obtained with 
cryogemc sample temperatures from 5 to 10 K, 
momtored  by a Cu (90% Au/10% Fe) thermocou- 
pie, using a TE0n-mode cylindrical nucrowave 
cavaty with a loaded Q = 5000 Careful at tenuon 
was gwen to matching the EPR microwave cavity 
through 50 dB of isolation to a Gunn-&ode micro- 
wave source supplying 10 mW Flrst-denvatwe 
EPR spectra were recorded using 100 kHz field 
modulation and phase-sensitive homodyne detec- 
tion at the modulation frequency Field modula- 
tion amphtudes were 1.25 mT for all measure- 
ments except that 1 6 mT was used to obtain the 
cytochrome data. In order to place enough material 
in the sensitive region of the EPR microwave 
cavity, several layers of Mylar coated with on- 
ented photosynthetic membranes were placed in a 
quartz EPR tube (3 mm tuner diameter) for spec- 
troscopic examination Up to ten scans of 'signal 
averaging' were employed to obtmn the data pre- 
sented. 

Polar plots of EPR signal amphtude as a func- 
tion of the angle 8 between the layered membranes 
and the spectrometer magnetic field, Ho, taken at 
specific g values, were generated by one of several 
methods. Dark-adapted preparations were mea- 
sured at 10 ° intervals through a 360 ° circle and 
then the expenmental  values for 0 and 0 + 180 ° 
were averaged and plotted as data for both angles. 
0 is defined as the angle between H 0 and the 
normal to the membrane plane. Light minus dark 
difference spectra were obtained by dlurmnating 
the dark-adapted sample for one rmnute with 
broad-band (640-800 nm) hght and then record- 
mg postdlurmnatlon EPR spectra at 10 ° intervals 
over 360 ° as in the previous procedure for the 
dark-adapted samples EPR spectra of samples 
lllumanated with white hght while freezing from 
room temperature to 77 K in the presence of 
&thiomte were recorded at 10 ° intervals over 180°; 
and then replotted for the range from 190 to 360 ° 
Cytochrome EPR spectra m the low-field, g = 6 
region were taken at 10 ° intervals from 0 to 90 °. 

DBMIB was a kind gift f rom Professor R 
Malkln 
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R e s u l t s  

Figs. 1 and 2 present the E PR spectra of  dark- 
adapted,  oriented membrane  fragments f rom D 
p a r v a  and the associated polar-angle plots of  ob- 
served g values F rom the spectra taken at 10 K, 
five EPR g values may  be discerned at g = 2 23, 
2 023, 2.00, 1.895 and 1.735. The s~gnals at g = 2 23 
and 1 735 exhlb]te a strong orientat ion perpendic- 
ular to the membrane.  These signals are indicative 
of  an oxidized low-spin cytochrome,  probably  cy- 
tochrome b-559. The tsotrop~c signal at g = 2.00 is 
due to the oxidized electron donor  of  Photosystem 
I, P-700 +. The reduced Raeske ~ron-sulfur center is 
responsible for the s~gnals with g values at 2.023 
and 1.895, the signal at g = 2.023 exhibits an 
orientat ion parallel to the membrane  plane In 
contrast  to the result m spmach photosynthet ic  
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F~g 1 EPR spectra of the g ffi 2 region of dark-adapted, ori- 
ented D parva membrane fragments The reductant ascorbate 
was included m the wash before the dehydraUon-onentat~on 
process was carned out EPR spectroscopic condmons 
frequency, 9 200 s-i, nucrowave power, 10 mW, sample tem- 
perature, 10 K, modulation aplltude, I 25 mT 
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Fig 2 Polar-angle plots for the observed g values of Fig 1 0 
(o) refers to the angle between the layered membranes and the 
EPR spectrometer magnetic field (H0) The plots are generated 
by plotting the EPR first-denvatlve signal mtenstty as a func- 
Uon of 0 for a particular g value 

membranes  where the g = 1.895 signal has a mara- 
m u m  in intensity perpendicular  to the membrane  
plane [7], the Raeske center signal here does not 
show an orientat ion dependence.  

Figs. 3 and 4 show the EPR spectra and associ- 
ated polar-angle plots for D p a r v a  membrane  
fragments incubated with the p las toqumone ana- 
log D B M I B  before undergoing orientation and 
dark adaptat ion In comparison to the data shown 
in Figs. 1 and 2, the signal at a g value of  1.735 
disappears, the signals at g = 2.23 and 2.023 de- 
crease in amphtude,  and signals now appear  with g 
values of  2.0 and 1.945. The g = 2.0 signal has a 
hne width of  5.0 mT, extublts a partial macrowave 
power  saturation at 10 mW, and IS oriented paral- 
lel to the membrane  plane The signal at g = 1.945 
also displays orientation parallel to the membrane  
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Fig 3 EPR spectra of the g = 2 reg=on of dark-adapted, ori- 
ented D parva membrane fragments Ascorbate and 50 taM 
DBMIB were mcluded m the sample before the dehydratmn- 
orientation process EPR spectroscopic condR~ons same as m 
Fig 1 

plane. Most  interesting, however,  is that  an orien- 

ta t ion (parallel to the m e m b r a n e  plane) now ap- 

pears for the previously observed c o m p o n e n t  with 

a g value of  1.895, a componen t  u n o n e n t e d  if 
D M B I M  is not  added  to the prepara t ion  

Figs 5 and 7 illustrates the E P R  spectra of  

Fig 4 Polar-angle plots for the observed EPR g values shown 
m Fig 3 Plots generated as m F~g 2 

J 

Fig 5 EPR spectra of the g = 2-4 3 region of dark-adapted, 
oraented D parva membrane fragments 50/~M of the oxadant 
DDQ was added to the preparataons before the dehydratlon- 
onentalaon process EPR spectroscopic cond~tmns, same as m 
Fig I except that the modulaUon amphtude was changed to 1 6 
mT 

dark-adap ted  prepara t ions  over  magnet ic  field 
ranges cor responding  to g values f rom 2 to 4.3 and 

4.3 to 12, respectavely. The  spectra are ob ta ined  
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Fig 6 Polar-angle plot of the g = 3 1 signal observed in Fig 5 
Plot generated as in F~g 2 

from dark-adapted preparations m the presence of 
the oxadant DDQ at a concentration of 50 taM. 
The interpretation of these spectra ~s more dif- 
ficult due to their complexaty; therefore, detaded 
polar-angle plots were attempted only for the g = 
3 1 signal dlustrated m Fig. 6. However, some 
qualltatwe references can be drawn about the an- 
gular dependencies of the s~gnals. There are at 
least two signals with g values at approx. 3.0 (3 1 
and 2 95) with ad&tlonal nunor components at g 
values of 2.8 and 2.23 The signal at g = 2.8 ap- 
pears to show a slgmficant shift in g value, most 
noticeably m the spectra recorded from 60 to 90 ° 
Tlus behavior suggests significant orientation for 
ttus component. EPR spectra taken at low mag- 
netic field in the presence of DDQ show at least 
two components centered around g = 6. The signal 
at g = 5.8 ~s oriented at 45 ° from the membrane 
plane, the signal at g = 6.1 is oriented parallel to 
the membrane plane. 

Figs 8 and 9 present the EPR spectra and 
assocmted polar-angle plots of signals produced 
after the preparauons were exposed to broad-band 
red hght (640-800 nm) at an intensity of 5 mW.  

0 =0" 

45* 

90* 

gvo,0e,~,~ ~ ~ ~ ~ ~ g ,'3 

Fig 7 EPR spectra of the g = 4 3-12 regton of dark-adapted, 
oriented D parva membrane fragments Sample conditions and 
EPR spectroscopic conditions ldenucal to those of Fig 5 

cm -2 for 1 nun w~th the sample kept at 10 K. 
These figures .are presented as (hght n'anus dark) 
difference spectra m order to &splay only the 
photomduced components. As prevaously reported 
[9], photoreducuon of unonented D parva mem- 
brane fragments results m the observation of SLX 
&stmct g values wltlun the 'g  = 1.94' mamfold 
associated with the photoreductlon at 10 K of 
both iron-sulfur clusters A and B Tlus ~s m con- 
trast to the s~tuat~on m spinach were only cluster 
A is photoreduced at tins temperature [11]. In the 
oriented preparaUons of D parva seven &stmct g 
values are present at 10 K. The additional signal at 
g = 2.12, generally not observed m unoriented pre- 
paratxons, Is broad at 10 K, sharpens at 5 K, and 
shows an orientation parallel to the membrane 
plane The s~gnal at g = 2.072 ~s oriented at 55 ° 
w~th respect to the membrane plane. The s~gnal at 
g- -2 .053 exhibxts two components, one oriented 
at 25 ° to the membrane plane and a second com- 
ponent oriented perpendicular to the membrane 
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Fig 8 EPR spectra of the g = 2 region of oriented D parva 
membrane fragments Each spectrum ~s a hght minus dark 
difference spectrum taken at the same angle The observed 
signals are, therefore, hght-mduced components only Ascor- 
bate was included m the sample preparauon before the dehy- 
dratlon-onentauon process EPR spectroscop,c condmons are 
the same as for F~g 1 

p lane .  The  signals at g =  1.94 and 1.925 were 
p lo t t ed  as a sum because  an ref lec t ion  po in t  be-  
tween these two in tense  signals is diff icul t  to re- 
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solve. Both signals must ,  however,  have the same 
o r i en ta t ion  (35 ° with respect  to the m e m b r a n e  
plane) ,  since on ly  ttus single o r ien ta t ion  was ob- 
served for the two signals taken  collectively.  The  
signal  at  g = 1.876 also exhibi ts  two componen t s ,  
one  or ien ted  para l le l  and  the o ther  o r ien ted  per-  
pend icu l a r  to the m e m b r a n e  plane .  The  signal  at 
g = 1.844 has  i ts magnet ic  axis or ien ted  at  45 ° 
wi th  respect  to the m e m b r a n e  p lane  

Figs.  10 and  11 I l lustrate  the  E P R  spect ra  and  
assoc ia ted  po la r -ang le  p lo ts  of  samples  p r epa red  
and  exposed  to red l ight under  s lnular  c o n d m o n s  
as the da t a  d i sp layed  in Figs. 8 and  9, bu t  mea-  
sured  at 5 K. Quah ta twe ly ,  the E P R  spect ra  at 5 K 
are  s lnular  to those taken at 10 K, bu t  with some 
evidence of  rmcrowave power  sa tu ra t ion  The  sig- 
na l  with a g value of  2 12 becomes  more  appa ren t  
and  a new signal  is observed  at  g = 1 970. This  
new signal d i sp lays  two or ien ta t ion  componen t s ,  
one  at  70 ° f rom and  one para l le l  to the m e m b r a n e  
plane .  I t  should  be  no ted  tha t  the c o m p o n e n t  
o r ien ted  para l le l  to the m e m b r a n e  p lane  could  be  
an  ar t i fac t  due to an or ien ted  c o m p o n e n t  at  a 
shght ly  higher  field going to a rmmmum.  Inc lud-  
ing the add i t iona l  signal  observed  at 5 K,  there  are 
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Fig 9 Polar-angle plots for the observed g values presented m 
Fig 8 Plots generated as m F~g 2 
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Fig 11 Polar-angle plots of the g = 1 970 stsnal shown m FIg 
10 Plot generated as m Fig 2 
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Fts 10 Sample and spectroscopic condmons slnular to those 
of  Fig 8 except that the EPR spectra were taken at 5 K 

a total of eight g values observed at low tempera- 
tures in D. parva with eleven oriented compo-  
nents; three g values extublt two onentatlons each. 

Fxg. 12 illustrates EPR spectra from an oriented 
membrane sample that was treated with a strong 
reductant (sodium dxtluomte) anaerobically after 
the preparauon process and then frozen wlule 
under intense while hght illununat]on. The signals 
are intense, being considerably larger than m the 
case of  red hght dlurmnaUon without the addmon 
of  reductant. Quahtatwely, the spectra appear s~m- 

Fsg 12 EPR spectra of the g = 2 region of oriented D parva 
membrane fragments that were exposed to intense whtle hght 
dlurmnat]on wlule frcezmg from 300 to 77 K m the presence of 
sodmm thttuomte EPR spectroscopic condsttons were the same 
as in Fig 1 
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Fig 13 Polar-angle plot of the g = I 95 signal observed m the 
EPR spectra of Fig 12 Plot was generated as m Fig 2 

/ 

O* 

Fig 14 Polar-angle plot of the g : 1 745 stgnal observed m the 
EPR spectra of Fig 12 Plot was generated as m Fsg 2 

23 

ilar to those in Fig. 8 with three exceptions. The 
signal at g = 2.0 now appears to be power saturated 
at 10 mW and reduction of the power level to 
about 50 #W restores the more usual lsotroplc 
nonsaturated signal frequently observed at g = 2.0 
In ad&tlon, there is another signal with g = 1.95 
winch is oriented at 70 ° w~th respect to the mem- 
brane plane. This signal does not display power 
saturation even with nncrowave powers in excess 
of 10 mW The signal with a g value of 1.754 
(oriented perpendicular to the membrane) also 
becomes quite evident at 5 K with higher micro- 
wave power levels. Polar-angle plots of these sig- 
nals are presented as Figs 13 and 14. 

Discussion 

Recently, much attention has been given to 
EPR studies of photosynthetic systems where par- 
tial orientation of the membranes has been 
acineved by a variety of methods, Including apph- 
cation of a large magnetic field [6,8,12,13], partial 
dehydration, [1-5,7,10,14-17] and vascous flow 
[12]. The most effective method has been allowing 
suspensions of membrane fragments to dehydrate 
partially [18] while in contact with a hydrophihc 
layer (collodion) coated on a Mylar film. This 
onentation along a single axis is imperfect, being 
subject to several types of disorder as discussed by 
Blum et al. [1,19]. There may be disorder in the 
orientation between the membranes and the planar 
Mylar surface on which the membranes are 
deposited, disorder in the orientation of the pro- 
tern with respect to the membranes in, or on, 
which they are bound ( 'chromophore disorder'), 
and nonrigid orientation of the chromophore in 
the protein itself (' stacking disorder', or in an EPR 
context, 'g-strata'). Collectively, these disordering 
influences have been labeled 'mosaic spread'. The 
spectroscopic consequences of these disordering 
parameters are two-fold. EPR g values remain 
independent of the angle between the applied 
magnetic field (H0) and the membrane normal, 
while the amplitudes of the observed signals ex- 
Inblt an onentatlon-dependent angular variation 
as the membrane normal is rotated with respect to 
the direction of the H 0 field. The maxamum ampli- 
tude of the first-derivative EPR signal intensity 
occurs when H 0 is at the same angle to the normal 
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as the particular magnetic axis being investigated 
[1,10]. 

Dark spectra the Rteske center 
The Raeske iron-sulfur center, observed m 

experiments with spinach chloroplasts, has g val- 
ues of 2 037 and 1.90 and an oxldauon-reductlon 
potential, as measured w~th exogenous electron 
donors and acceptors, of approx + 290 mV at pH 
7 0 [20]. Tins component  is believed to transfer 
electrons between the plastoqulnone pool and 
cytochrome f[21]. Iron-sulfur clusters of tins type 
have also been observed m mitochondrlal systems 
and m photosynthetic bacterial membranes [22], 
the EPR signals have rhomblc symmetry with the 
gx component  at g = 1.8 [23,24]. In photosynthetic 
membranes isolated from spinach, the signal at 
g = 2.03 is oriented parallel to the membrane plane 
and the signal at g = 1.90 is oriented perpendicular 
to the membrane [6,7]. It is still unsettled as to 
whether tins s~gnal is axially symmetric or rhominc 
with the gx component  unresolved perhaps due to 
a broadened EPR hne width 

Table I hsts the angular dependence of each 
EPR signal observed m dark-adapted D parva 
samples Although the signal at g = 2.023 is ori- 
ented parallel to the membrane plane, the signal at 
g =  1 895 appears not to be oriented m the D 
parva material Tins ~s m contrast to the results in 
spinach chloroplasts [7] Two explanations for tins 

T A B L E  I 

O R I E N T A T I O N  D E P E N D E N C E  O F  T H E  E P R  S I G N A L  

I N T E N S I T Y  O F  D PARVA D A R K - A D A P T E D  P R E P A R A -  

T I O N S  

g va lue  O n e n -  O n e n -  cos 2~ 
t a u o n  t a t l o n  

(0)(°) (,/,)(°) 

(a) A s c o r b a t e - r e d u c e d  p r e p a r a t m n  
2 2 3  90 0 I 0 

2 023 0 90 0 

2 0  - - - 

1 895 - - - 

1 735 90 0 1 0 

(b)  D B M I B  p r e p a r a t m n  

2 0 0 90 0 
1 945 0 90 0 

1 895 90 0 1 0 

difference are possible. (1) the signal could be 
randomly oriented in the membrane as isolated, 
wtuch seems unlikely since g~ is well oriented, or, 
(2) the Raeske center may be axially symmetnc  In 
tins case, the g = 1.895 signal would represent the 
gperpend~cular and exhibit rmmmal orientation 
dependence since the g p e r p e n d ~ c u l a r  has compo- 
nents both parallel and perpendicular to the mem- 
brane. The g = 1.735 signal can be ehnunated as a 
candidate for the gx component  of the Raeske 
center since tins component  is always oriented. (If  
the gz and gx components of a .rhombic EPR 
center are oriented, then the g) component  must 
also be or iented)  It is important to note that 
'dichrolc ratios' of at least 3 : 1 were observed for 
most of the signals in tins preparation If there 
were a unique orientation for tins component,  it 
would have been resolved. Therefore, the present 
study tends to support the assignment of axaal 
symmetry in this alga 

The addition of DBMIB to the samples before 
partial dehydration, dark adaptation, and subse- 
quent EPR exanunatlon results m several altera- 
tions m the EPR spectra. First, the previously 
unoriented signal at g = 1 895 now exinbtts an 
orientation perpendicular to the membrane plane, 
tins orientation is the same as observed for tins 
component  m spinach preparations m the absence 
of DBMIB Concurrently, a new signal is observed 
at g = 1 945 whach we believe results from an 
interaction between DBMIB and the Raeske center 
It is a possibility, if the Raeske center is axmlly 
symmetric, that the g p e r p e n d J c u l a r  at g =  l 895 
breaks into a g~ = 1.895 and g~ = 1.945 due to an 
interaction with DBMIB Tlus idea is g~ven addl- 
uonal support in that the sum of the squared 
direction cosines of the components at g values of 
2 023, 1 945 and 1 895 equals umty It should be 
considered, however, that the 50/aM DBMIB con- 
centratlon used suggests that ttus plastoqumone 
analog may be interacting with only a fraction of 
the Raeske centers in the preparation shafting those 
centers' EPR signals to lower fields. In support of 
tins posslbdlty is the fact that, at least quahta- 
tlvely, the spectral intensity of both the g - -  1.895 
and 1.945 signals taken together approxamately 
equals the original intensity of the signal at g = 
1 895 in untreated material. Mallon [25] has studied 
the effect of DBMIB on the signals m spinach 



chloroplasts at g = 1.895 and 1.945 and has ob- 
served a correlation between the appearance of the 
signal at g = 1 945 and the disappearance of the 
signal at g = 1 895 

The decrease In signal intensity of the g = 2 023 
signal along with the presence of a new signal, 
with the same orientation, at g = 2.00 after the 
addition of DBMIB suggests that the gz compo- 
nent of the reduced Raeske center also shifts m g 
value. Indeed, Mallon [26] has observed a similar 
shifts of g: m a purified cytochrome b6- f complex 
which contains the Raeske center. It is also im- 
portant  to note that the signal observed at g = 1 735 
before the addmon of DBMIB is now unobserva- 
ble. This effect may be related to the dlmlmshed 
intensity of the g = 2 23 component,  and may re- 
sult simply from the alteration of the ambient 
potentml of the membrane preparaUon by the 
addmon  of DBMIB 

Dark spectra, cytochrome b-559 
Cytochromes have been lnvesugated extensively 

by EPR spectroscopy. Since Taylor [27] de- 
terrmned that the gz component  of the EPR signal 
of oxidized cytochrome c is oriented perpen&cular 
to the heme plane, orientation studies of tlus com- 
ponent  then allow the determination of the orien- 
tation of the heme plane relative to the biological 
membrane Previous studies of cytochrome orien- 
tation m cytochrome c oxldase and other c-type 
cytochromes m both bacterial photosyntheUc and 
mltochondrml systems show that generally the 
heme plane ~s always either parallel or perpen&cu- 
lar to the membrane plane [1-3,28,29]. 

Theoretical stu&es on the EPR of low-spin 
[27,30] and high-spin [31,32] heme complexes m 
addition to experimental studies [33] on a number 
of low-spin eukaryotlc and prokaryouc cyto- 
chrome c complexes have been made, this work 
allows us to make spectral ldenUficatlon of cyto- 
chromes m photosynthetic materials. EPR spec- 
troscopy of the plant cytochromes has been less 
well characterized but has been investigated m a 
variety of membrane  materials including chloro- 
plasts [8,34], subchloroplast parucles [35], and 
purified cytochrome b-f complex preparations [36] 

Figs 5 and 7 show the EPR spectra obtained 
from dark-adapted materials at a temperature of 
10 K m the presence of 50/~M concentraUons of 
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the oxidant DDQ. Due to less well defined spectra 
than in the case of the ~ron-sulfur EPR s~gnals 
only quahtatwe features of these spectra will be 
&scussed. There are at least two signals with g 
values near 3, a signal at g =  3.1 (Fig. 6) and 
another at g = 2 95. These signals appear to be 
oriented parallel to the membrane plane. Follow- 
mg Taylor 's  analysis, the heme plane is found to 
be oriented perpendicular to the membrane plane, 
in agreement w~th the findings on spinach chloro- 
plasts reported by Bergstrom and Vannghrd [8] 
Those studies employed magnetic field orientation 
for studies of membrame-bound cytochrome b-559 
The values g = 3 1, 2 95, 2 23 and 1 735 are close 
to the values reported for the high- and low-poten- 
tial forms of cytochrome b-559 [8,34-36]. Accurate 
asstgnments of the high-spin signals centered 
around g = 6 are difficult The preparauons with 
added sodmm dlthlonlte showed no signals m this 
region and preparation with ascorbate showed only 
a small EPR s~gnal at g = 6 .  On the bas~s of 
oxidation-reduction tltrauons [36], these signals 
have been tentatively xdentxfled as arising from 
cytochrome b-563. 

Ltght-mduced stgnals won-sulfur clusters A and B 
The Photosystem I electron acceptor complex in 

eukaryoUc organisms has been shown to contain at 
least two membrane-bound iron-sulfur clusters on 
the basis of low-temperature EPR spectroscopy 
[11,37-39]. In D parva, these two clusters, A and 
B, can both act as phototraps for electrons from 
the reaction-center chlorophyll, P-700, at low tem- 
peratures [9] Photoreductlon of the iron-sulfur 
clusters observed by EPR spectroscopy at 10 K 
produces a total of eight g values as dlustrated in 
Fig. 8 and tabulated in Table II. These orientation 
data, when combined with the chemical reduction, 
photoreductlon and EPR power saturation data, 
make the assignments of the g values and the 
onentaUons of the magnetic axes unambiguous A 
comparison between the orlentaUon values m D 
parva and those previously reported for spinach [7] 
is included m Table III .  Within experimental er- 
ror, the orientation data for cluster A in D. parva 
agree with the orientation proposed from the 
spinach data. In the case of iron-sulfur cluster B, 
two possible orientations have been proposed 
based on the data from spinach membrane frag- 
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TABLE II 

ORIENTATION DEPENDENCE OF THE EPR SIGNAL 
INTENSITY OF P PARVA ILLUMINATION AT l0 K, 
DIFFERENCE SPECTRA 

g value Onen- Onen- cos 2,/, 
taUon tatlon 
(O) (o) (~) (o) 

2 12 0 90 00 
2 072 55 35 0 67 
2 053 25 65 0 18 

90 0 10 
1 97 0 90 0 0  

70 20 0 88 
1 94 35 55 0 33 
1 92 35 55 0 88 
1 876 0 90 0 0 

90 0 I 0 
1 844 45 45 0 50 

ments  [7], i e ,  the or ienta t ion  in which the compo-  

nents  gy and g~ are either or tented at 0 and 90 ° or 

at 50 and 40 °, respectwely.  The  D. parva data  as 

presented  in Table  I I I  clearly agree only with the 

lat ter  poss~bthty. The  smulan ty  in onen t a tm ns  for 

i ron-sulfur  clusters A and B between D parva and 

spinach provides  further  support  for the s~mllarlty 

of  m e c h a m s m  m electron t ransport  in both a green 

alga and a higher plant.  

Ltght-mduced signals the posstbthty o f  a thtrd 
iron-sulfur cluster9 

There  are still several unassigned componen t s  

observed m hght  rmnus dark difference E P R  spec- 

tra as shown m Figs. 8 and 10. Three  of  the 

componen t s  have increased E P R  absorpt ion when 

the tempera ture  of  measurement  ts reduced f rom 

10 to 5 K and the rmcrowave power  ~s increased 

f rom 10 to 70 m W  Based on a study of  microwave 

power  saturat ion behavtor,  It ts tempt ing  to assign 

the signals with g values of  2.12, 1.97 (8 = 0°), and 

1 876 (O = 90 °) as belonging to the same cluster. 

A d d e d  support  for this assignment  is p rowded  by 

the fact that  the sum of the squared direct ion 

cosines for these componen t s  equals umty  It ts 

tmpor tan t  to note  that these s~gnals also appear  

when longer, na r row-band  far-red hght (730 nm) is 

TABLE III 

ORIENTATION DEPENDENCE AND g VALUE ASSIGNMENT OF THE IRON-SULFUR CLUSTERS OF D PAR VA AND 
OF SPINACH (IN BRACKETS) 

Fe-S cluster g value Orientation COS2dp ~COS2~ 
(~,) (°) 

Cluster A 2 053 gz (2 05) 65 (65) (0 18) 0 18 
1 94 gy (1 94) 55 (50) (041)  0 3 3  l 01 
l 844 gx (l 86) 45 (50) (041) 050 

Cluster B 2 072 gz (2 07) 35 (40) (0 59) 0 67 
1 92 gy (1 94) 55 (50) (0 41) 0 33 1 00 
1876 gx (189) 90(90) (00) 00 

Cluster C 2 12 g, 90 00 
197 gy 90 001 100 
1876 gx 0 100 

Raeske center 2 023 g, 90 0 01 
l 895 g± 

+DBMIB 200 g, 90 00 
1945 gy 90 001 100 
1895 gx 0 100 

X - '~ g, 90 (deduced) 0 0 
9 g~ 90 (deduced) 0 0 1 O0 
1745 gx 0 I00 



TABLE IV 

ORIENTATION DEPENDENCE AND g VALUE ASSIGNMENT OF THE IRON-SULFUR CLUSTERS OF D PARVA 
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Fe-S cluster g value Orientation COS2~b ACOS2~b 
(¢) (°) 

Cluster A 2053 gz 65 0 18 
194 g~ 55 033  101 
1 844 g~ 45 0 50 

Cluster B 2 072 gz 35 0 67 
192 g~ 55 033  100 
1 976 gx 90 001 

Cluster C 2 12 gz 90 00 
1 97 g, 90 0 0 1 00 
1 876 K, 0 1 00 

Raeske center 2 023 g,, 90 0 0 
1 895 g± 

+ D B M I B  200  g~ 90 0 0  
1945 g~ 90 00 100 
1 895 g~ 0 1 O0 

X - '~ g~ 90 (deduced) 0 0 
9 gy 90 (deduced) 0 0 1 00 
1 745 gx 0 1 O0 

used to d lumlna t e  the samples ,  an ind ica t ion  of  
the assocmtion  of  all these signals wi th  Photosys-  
tern I. The  g values,  l ow- tempera tu re  dependence  
of  the E P R  signal  in tens i ty  and  E P R  symmet ry  
assoc ia ted  w~th this cluster  make  ~t l ikely that  
these signals are  due to the reduced  form of  a 
prev ious ly  un iden t i f i ed  i ron-sul fur  cluster  ac twe m 
Pho tosys t em I. 

Ltght-mduced signals an mtermedtate electron 
acceptor, X -  

Stu&es  on the revers ibi l i ty  of  the P-700 ÷ E P R  
signal  ( 'S igna l  I ' )  and  the l r revers lb lh ty  of  the 
E P R  signals assoc ia ted  with  the reduced  i ron-sul fur  
clusters  A and  B at c ryogemc tempera tu res  sug- 
ges ted  that  an in t e rmed ia te  accep tor  must  exist 
Studies  by  several  g roups  [40-44] have shown the 
presence  of  a signal  winch they assocmte  with an 
in t e rmed ia t e  e lec t ron accep tor  in Pho tosys t em I 
tha t  precedes  i ron-sul fur  clusters  A and  B. The  
E P R  spec t rum ob ta ined  under  s t rong reduc ing  
cond i t ions  shows g values at 2.08, 1.88 and  1.78 m 
sp inach  chloroplas ts ;  this signal  is a l t e rna te ly  

specif ied as X -  or  by  A 2. Tins signal does  not  
show microwave  sa tu ra t ion  even at  100 m W  

I l lumina t ion  of  o r ien ted  layers  of  D parva by 
s t rong white  l ight  while freezang af ter  the a d d m o n  
of  sod ium dl t inonl te  results  in a compl i ca t ed  
o r i en ta t ion  spec t rum (Fig.  12). A l though  quah ta -  
t lvely s imilar  in m a n y  respects  to the spec t ra  ob-  
ta ined  at low t empera tu re  with red l ight i l lumina-  
t ion,  the signals a re  more  in tense  and more  closely 
spaced  mak ing  spectra l  ass ignments  difficult .  There  
are  two signals observed  at g = 1.95 and  1.756 
winch do no t  show nucrowave  power  sa tu ra t ion  at 
h igh powers ,  It Is t empt ing  to assign these signals 
to the same center  on this basis,  but  our  or lenta-  
Uon da t a  show tins to be  a mis take.  The  signal  at 
g = 1.95 shows a single o r ien ta t ion  that  is ident ica l  
to the signal at g = 1.97 (0 -- 70 °) shown in Fig.  11 
unde r  less reduc ing  condi t ions  (see Fig. 13) How-  
ever, the signal  at  g = 1.756 can  be  assigned as the 
gx c o m p o n e n t  of  X -  on the basis  of  i ts appea rance  
on ly  under  s t rong reducing condi t ions  and  the 
s imilar i t ies  of  its g values to the case in sp inach  
The  or ien ta t ion  of  this c o m p o n e n t  pe rpend icu la r  
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to the membrane is in agreement with the orienta- 
tion of the gx component  an spinach in a study 
where the onentaUon was produced by an applied 
magnetic field [6]. Fig. 14 shows a polar-angle plot 
of the g = 1.756 signal ascribable to the gx compo- 
nent of X- .  Since signals in the intermediate field 
region are intense and closely spaced, assignment 
of the gv component  as impossible. Interpretation 
of spectra such as these for polar plotting is dif- 
ficult, since the orientation of one component  at a 
particular g value can result m the assignment of a 
false orientation for a second component  w~th a 
shghtly different g value. It is unclear why we do 
not observe the gz component  of X -  Since the g~ 
component  of X -  ~s observed to be oriented per- 
pendlcular to the membrane,  the gy and gz compo- 
nents must, therefore, be oriented parallel to the 
membrane  plane. 

What is clear is that the X -  signal can be 
generated in D parva and that ~t has the same g 
tensor orientation as m spinach chloroplasts. 
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