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S u m m a r y  

Spinach chloroplast membranes were oriented onto mylar sheets by partial 
dehydrat ion,  and the orientation of the magnetic axes of membrane-bound 
paramagnetic clusters determined by electron paramagnetic resonance (EPR) 
spectroscopy. Our results indicate that  the reduced Rieske iron-sulfur cluster 
signal is of  orthorhombic symmetry  oriented with the gy = 1.90 axis orthogonal 
to the membrane plane and with the g~ = 2.03 axis in the membrane plane; the 
gx-axis is undetectable,  presumably due to its broadness. If the Rieske center is 
a two-iron iron~ulfur cluster, we conclude that  the iron-iron axis lies in the 
plane of  the membrane. 

Il lumination reduces the two bound chloroplast iron-sulfur proteins known 
as Clusters A and B. Center A is oriented such that  gx = 1.86 and gy = 1.94 
lie at an angle of  about  40 °, and gz = 2.05 is at approximately 25 °, to the mem- 
brane plane. There are two possible orientations of Cluster B depending on the 
set of  g-values assigned to this cluster. For one set of  g-values, gz = 2.04 and 
gx = 1.89 are oriented in the plane of  the membrane while gy = 1.92 is ortho- 
gonal to the plane. Alternatively, gz = 2.07 andg~ = 1.94 are oriented approxi- 
mately 50 ° and 40 ° to the membrane plane respectively, and gx = 1.80 is in the 
plane of  the membrane. An additional light-induced signal at g = 2.15 oriented 
orthogonal to the plane is currently unexplained, as are other membrane per- 
pendicular signals seen at g = 2.3 and g = 1.73 in dark-adapted samples. 

Int roduct ion 

Membrane-bound iron-sulfur clusters are found in many energy conserving 
systems, including bacteria, mitochondria,  and chloroplasts. Plant and animal 

* Permanent address  to  w h i c h  c o r r e s p o n d e n c e  shou ld  be  addressed:  D e p a r t m e n t  of Biochemistry and 
Biophysics/G3, University of Pennsylvania, Philadelphia, PA 19104, U.S.A. 

Abbreviation: DBMIB, 2,5-dibromo-3-methyl-6-isopropylbenzoquinone. 
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mitochondria,  together with many bacteria, contain a plethora of distinct 
iron,sulfur clusters which have been resolved by their thermodynamic  and 
spectral characteristics (see Ref. 1 for a recent  review). In contrast, chloroplast 
membranes have been reported to contain only three, or perhaps four distinct 
iron,sulfur species (see Ref. 2). One of  these [3] is similar in its properties to 
the so~alled 'Rieske cluster' of  mitochondria  and bacteria [4,5]. In chloro- 
plasts this cluster is characterized by a prominent  EPR signal at g = 2.03 and 
1.90; it apparently functions between plastoquinone and cy tochrome f in the 
electron flow sequence between the two photosystems [6]. Two other iron- 
sulfur clusters are associated with the reducing end of Photosystem I, and may 
funct ion to deliver electrons to NADP. Both have rhombic EPR characteristics 
and the two are known as iron,sulfur Clusters A and B. Cluster A is irreversibly 
reduced, with the concomitant  generation of  oxidized Photosystem I reaction 
center  chlorophyll,  when dark~adapted chloroplasts are illuminated at cryo- 
genic temperatures [7]. It  is distinguished by an EPR spectrum with gx = 1.86, 
gy = 1.94 and gz = 2.05. Cluster B is also photoreducible at low temperature 
[8],  but  this occurs to an appreciable extent  only if Cluster A is prereduced. 
Reduct ion of Cluster B can be achieved either by chemical reduction [9,10] 
or by intense illumination during the freezing process [8]. One no tewor thy  
feature of the lineshapes of  the EPR spectra of  the two iron-sulfur proteins 
is that  when Cluster B is reduced,  a spectrum characterized by g-values at 2.05, 
1.94, 1.92 and 1.89 is observed, while the signal at g = 1.86 attr ibuted to 
Cluster A essentially disappears. Although this effect  is not  fully understood,  
it has been suggested that  the g = 1.86 band reappears as part of  the g = 1.89 
band as a result of  spin,spin interaction between the two paramagnetic reduced 
iron-sulfur clusters. The equilibrium oxidation-reduction potentials of  iron- 
sulfur Clusters A and B are sufficiently negative that  they  cannot  be stably 
chemically reduced in aqueous buffers at neutral pH, but  they can be t i trated 
at alkaline pH (e.g., pH 10), where Em values of about --550 mV have been 
obtained [9]. 

Another  EPR detectable componen t  has been observed to function in Photo- 
system I primary reactions. This component  known as X [12] is characterized 
by g-values of  gz = 2.07, g~ = 1.86 and gx = 1.76 [13,14]. Intense illumination 
during freezing, even in the absence of strong reductants  and high pH, captures 
this componen t  in its EPR observable reduced state. This component  is also 
photoreducible at cryogenic temperatures but  Clusters A and B must  be chemi- 
cally prereduced; under  these conditions the photoreduct ion of X is a reversible 
process. 

In the work presented here we examine the orientation of the magnetic axes 
of  the Rieske cluster and the two bound iron,sulfur proteins A and B in chloro- 
plast membranes which have been aligned by partial dehydrat ion on a mylar  
sheet. We find that  all three show a high degree of  orientation within the mem- 
brane. 

Materials and Methods 

Whole spinach chloroplasts were prepared by the method  of  Malkin [15] 
using the following blending solution; 300 mM sucrose, 50 mM Tris-HC1 
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(pH 7.8), 10 mM NaC1, and 1 mM Na2-EDTA (pH 7.8). Washed, broken chloro- 
plasts were prepared by resuspending the whole chloroplasts in a I : 10 dilution 
of  the blending solution. Free manganese was removed by two washings in the 
hypotonic solution. Broken chloroplast membranes were oriented by layering 
a concentrated suspension onto collodion coated mylar, and then partially 
dehydrating the sample in a 90% relative humidity atmosphere for 24--36 h at 
4°C [16]. Alternatively, the partial dehydration was sometimes attained by 
evaporation under a stream of  nitrogen gas [17]. 

X-band EPR spectra were obtained at cryogenic temperatures with a modi- 
fied JEOL ME-IX spectrometer with a TE011 cavity. First<lerivative spectra 
were recorded using 100 KHz magnetic-field modulation and a linear phase- 
sensitive detector system operating at 100 KHz. Field modulation amplitudes 
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Fig. 1. EPR spectra  recorded in the  dark at 16  K of  or iented  mult i layers  o f  b r o k e n  spinach chloroplasts .  
The  angles  refer to  the  d irect ion  o f  the  magnet ic  field (Ho) relative t o  the  m e m b r a n e  plane,  such that  at 
0 ° ,  H o and the  m e m b r a n e  plane  are parallel.  EPR-operat ing condit ions:  microwave  p o w e r ,  15 mW; 
m o d u l a t i o n  ampl i tude ,  1.25 • 10 -3 Tesla. 
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were in the range of  0.16 • 10-3--1.25 • 10 -3 Tesla. To enhance sensitivity, the 
conventional ldystron microwave power source was replaced by a low noise 
Gunn~liode oscillator (Central Microwave). A double-balanced mixer (RHG, 
DM8-128), functioning as a homodyne  phase detector,  further complemented 
the spectrometer. 

The DBMIB was a gift f rom Dr. Richard Malkin. 

Results 

Fig. 1 shows the EPR spectra of  oriented chloroplast membranes in the dark, 
with the angle (0) between the applied magnetic field and the membrane planes 
indicated at  the left of  the figure. It is important  to note that  since the mem- 
branes dry onto the mylar, the plane of the membranes is parallel to the mylar 
support, and the normal to the membrane plane is normal to the mylar [16]. 
Thus, in the figures presented here, spectra taken at  0 ° and 180 ° were obtained 
with the membranes lying parallel to the spectrometer magnetic field. The 
dark~dapted  oriented chloroplast membranes exhibited five EPR signals near 
the g = 2 region and all of  these signals showed a marked angular dependence. 
The signals at g = 1.90 and g = 2.03 may be ascribed to the Rieske cluster; these 
axes are oriented such that  the g = 1.90 axis lies perpendicular to the mem- 
brane plane, while the g = 2.03 axis lies parallel to the membrane (Fig. 2). A 
signal at g = 2.3 and another at g = 1.73, both of currently unknown origin, 
also have maximal intensity when the applied magnetic field is perpendicular 
to the oriented members. When DBMIB was added to the chloroplasts, the dark 
spectra showed a new signal at  g = 1.95 (Fig. 3). It  is orientation is parallel to 
the membrane plane (Fig. 4). 
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Fig .  2 .  Polar plots  o f  the  ampl i tudes  o f  the  signals s h o w n  i n  F ig .  1 .  R a d i a l  sca le  is  i n  a r b t t ~ r y  u n i t s .  0 ° 
r e l ~ e s e n t s  t h e  ang le  w h e n  H o a n d  m e m b r a n e  p l a n e  a re  pa ra l l e l ,  D o u b l e  p l o t t i n g  o f  points  is  obta ined  

o o o o b y  t r a n s p o s i n g  p o i n t s  in  t h e  0 - - 1 8 0  r e g i o n  t o  t h e  1 8 0  - - 3 6 0  region and vice  ve r sa .  
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F ig .  3 .  E f f e c t  o f  D B M I B  o n  t h e  i z o n - s u l f u z  R i e s k e  c e n t e r .  S a m p l e  c o n d i t i o n s  are t h e  same as i n  F ig .  1 
e x c e p t  30/~M DBMIB has  b e e n  a d d e d .  EPR-con ta in ing  cond i t i ons  are  t h e  s a m e  as in Fig. 1. 

Fig. 5. shows the angular dependence of  the light-induced EPR signals. In 
this case spectra were recorded at 10 ° intervals in the dark, the chloroplasts 
were illuminated with red light for several minutes in the spectrometer cavity, 
and another series of spectra were recorded at the same angles. The spectra 
shown in Fig. 5 represent 'light-minus<lark' difference spectra at the various 
angles, and show contributions from iron-s~ Clusters A and B, and a 
previously unreported signal at g = 2.15. It is noteworthy that the spectral 
region near g = 2.05 can be resolved into three components of different angular 
dependence. The amplitudes of the major signals as a function of the angle 
between the applied field and the membrane plane are shown in Fig. 6. 
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Fig. 4.  Polar  p lots  o f  the  effects  o f  DBMIB s h o w n  in Fig. 3. Radia l  scale in a rb i t r a ry  un/ ts .  Double  plot-  
t ing of  po in t s  as done  in Fig. 2. 
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Fig• 5.  IAght-darl~ EPR spec t ra  o f  o r i en ted  mul t i layers  o f  b r o k e n  sp inach  e h l o r o p l u t s .  Spec t ra  were 
r eco rded  a t  10 ° intervals in t h e  da rk ,  the  ch loroplas t s  w e r e / l l u m i n a t e d  wi th  r ed  l i g h t  in  the  spee t rom-  
eter  cavi ty,  and  an o t h e r  series o f  spec t ra  were  r e c o r d e d  a t  the  same angles. Light -dark  spec t ra  were 
ob ta ined  b y  sub t r ac t ion  of  spec t ra  a t  each angle s h o w n .  EPR-opera t inS condi t ions :  16 K; m/erowave  
power ,  15 roW; m o d u l a t i o n  ampl i tude ,  1 .25 • 10 -3  Tesla. 
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Fig. 6. Polar p lo ts  of the ampl i tudes  of  the signals shown in Fig. 5. Radial  scale is in arbitrary units.  
Double plot t ing of points  as in Fig. 2. 

Illumination of oriented samples at cryogenic temperatures always partj'al!y 
reduced Cluster B with Cluster A (Fig. 5) even though unoriented samples 
taken from the same chloroplasts yielded only minute amounts of reduced 
Cluster B under identical conditions. Nevertheless, the small extent of Cluster 
B reduction in the oriented samples makes it difficult to resolve the angular 
dependence under these conditions. In order to determine the orientation of 
Cluster B, the experiment of Fig. 5 was repeated except that before the illumi- 
nation the membranes were warmed to room temperature and. illuminated with 
white light prior to and during refreezing. The results are shown in Fig. 7, 
which again shows 'light-minus-dark' difference spectra at each angle. While 
these membranes are apparently not as well oriented as those in Fig. 5 (for 
example, compare the 'dichroic ratio' of the g ffi 1.94 band), the orientation is 
ql;~lltatively similar as shown by the angular dependence of~he g = 1.94 band 
(cf. Figs. 6 and 8). The illumination before and during freezing clearly allows 
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Fig. 7 .  L i g h t - d a ~  EPR spectra  o f  or iented  multf layers  o f  b r o k e n  spinach chloroplasts .  Spectra  were 
reeocded  at 10  ° intervals in  ltze dark ,  ehlocoPlmrts were  r e m o v e d  from t ~ e  w.pR cavi ty  smd w a r m e d  to  
r o o m  temperature  then i lk ;m_~lmd wi th  whi te  l ight du~tnB ~ s e z i n g .  A n o t h e r  series o f  spectra  were  
recorded  at ~he same a n J l u .  LtJht-datk spectra  w a s  obta ined  b y  subtrac~tozz o f  s p o ~  at  o a t h  
s h o w n .  EPR-operat ing condi t ions:  1 7  IC; m i c r o w a v e  p o w e r ,  1 5  N W ;  m o d u l a t i o n  ampkitude,  1 . 2 6  - 1 0  - 3  
Tesla.  

more  than o n e  r e m o v e r  o f  the  P h o t o s y s t e m  I react ion  cenber, and there is n o w  
a substantial  r educ t ion  o f  Cluster B wi th  the  Cluster A.  The  8 n ~ J a r  depen-  
dences  o f  the  g = 1 . 9 2  and g = 1 .80  axes o f  Cluster B are s h o w n  in Fig. 8. 
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Fig. S. Polar plots  o f  the g = 1 .94 ,  g = 1 .92 ,  a nd  g ffi 1 .89  signals s h o w n  in Fig. 7. Radia l  scale is in arbi-  
t r a r y  uni t s .  D o u b l e  p lo t t ing  o f  po in t s  as in Fig.  2. 

Discussion 

Oriented membranes vesicles have been widely studied in recent years (16-- 
24). Such specimens approximate one dimensional crystals, being usually 
oriented relative to the membrane normal, but with no preferential orientation 
in the plane of the membrane. Any chromophores that have an orientation 
within the membrane therefore have orientation-dependent spectra in such 
systems [16,17,22--24]. Blum et al. [16,22] have shown that although the 
principal g-values of a crystalline paramagnetic center vary as the angle of the 
applied magnetic field is altered, even a small amount of disorder (called 
moisaic spread by Blum et al. [16,22]), about the predominant orientation 
leaves the g-values effectively constant. However, under these conditions the 
individual g-values show sharper derivative spectra, and the amplitudes of the 
individual g-values show an orientation dependence: the EPR spectra of most 
oriented biological membranes exhibit the latter behavior. In such systems the 
magnitude of the derivative EPR absorption of each g-value is maximal when 
the applied magnetic field lies parallel with the relevant axis of the paramag- 
netic center [ 16,20]. 

Three alternative techniques have been used to orient biological vesicles: 
partial dehydration [16,17,20--22,24], strong magnetic fields [.18] and viscous 
flow [19,23]. Each method has its relative advantages and disadvantages. 
Partial dehydration, particularly in a 90% relative humidity chamber [ 16,21,22, 
24] yields the best orientation in terms of high 'dichroic ratios', but has the 
disadvantage that it takes 24--36 h for good partial dehydration , and it is 
difficult to manipulate the ambient potential and pH of the membranes wit- 
hout destroying their orientation. Magnetic alignment yield much lower 
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'dichroic ratios', bu t  is much quicker and allows greater control  of  the E h and 
pH. Flow techniques have similar advantages and limitations, bu t  in addition 
require vesicles with a specific elongated shape. 

Table I lists the EPR lines which exhibit  orientation dependence (Figs. 1, 
5 and 7). Simple t r igonometry,  based on Pythagoras'  Theorem, indicates that  
the  sum of  the squared cosines of  the angles subtended by  the three axes of  
each pammagnetic center from the membrane normal (~b) must  equal 1.0. We 
may thus identify which set of  g-values belong to the particular paramagnetic 
centers. Our data demonstrate  that  the Rieske cluster and both  iron-sulfur 
Clusters A and B have a specific orientation within the chloroplast membrane.  
Several other  paramagnetic centers also show a strong orientation dependence. 
We will discuss them one by  one. 

The Rieske cluster 
This signal, which is seen most  clearly in nonilluminated chloroplasts, has 

prominent  g-values at g = 1.90 and g = 2.03 (Fig. 1, Ref. 3). The g = 1.90 axis 
lies perpendicular to the membrane plane, while the g = 2.03 axis lies in the 
plane of  the membrane [23].  In mitochondria  and photosynthet ic  bacteria, 
the 'Rieske'  g = 1.90 cluster has rhombic symmetry ,  with g-values at 2.03, 1.90 
and 1.82 [4,5].  The chloroplast signal only has two clear g-values; this reflects 
either an axial symmetry ,  with the two identical axies in the plane of  the mem- 
brane at g = 2.03, or a rhombic symmetry  with a very broad, currently 
unresolved signal at  one of  the principal g-values. If of  rhombic symmetry  the 
missing axis must  He in the plane of  the membrane,  so we may rule ou t  the 
signals seen in Fig. 2 at  g = 2.3 and g = 1.73 because both  are orthogonal to 
the  membrane.  It is appropriate to note  that  the gx signal in both  mitochondria  
and bacteria [4,5] is very broad. Alternatively, the saturation characteristics of  
the  gx componen t  could be different  than the gz and g~ components  leading to 
the  nonobservabili ty of  the g~ signal. The microwave power  and temperature 
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dependence of  the Rieske cluster EPR signals could distinguish this latter 
possibility. 

The mitochondrial  Rieske cluster is thought  to be a two iron, two-sulfur 
cluster [1,24] and an a t t empt  hss been made to correlate the magnetic axes 
with the chemical structure [24],  using a model  similar to that  proposed for 
soluble spinach ferredoxin by  Gibson et al. [26].  This model,  which had 
received substantial experimental support  [27--29] suggests that  the gz 
principal axis, with the g-value closest to g = 2.0, corresponds to the Fe-Fe axis 
o f  the binuclear cluster. In mitochondria  the gz signal, at  g = 2.025, is maximal 
when the applied magnetic field is parallel to the membrane,  as is the g~ signal 
at g = 1.90 [24] .  Appropriately,  the gx signal at g = 1.82 is maximal when the 
magnetic field is along the normal to the membrane [24].  Our data suggest that  
the chloroplast cluster, if it is a binuclear cluster, has a somewhat  similar align- 
ment  in the membrane.  The g -- 2.03 axis is in the plane of  the membrane,  but  
the  g -- 1.90 axis is orthogonal to the membrane plane. If  the g -- 2.03 axis is 
the Fe-Fe axis, the chloroplast center cannot  have axial symmetry ,  and we 
must  assign our inability to resolve a third g-value to this being a very broad 
signal. Furthermore,  if the Gibson model  is appropriate for  the chloroplast 
Rieske center; all four  structures whose orientation has been studied (mito- 
chondrial and chloroplast Rieske centers, mitochondria center S-1, and one of  
the N-1 centers), have the Fe-Fe axis in the plane of  the membrane [24].  

When DBMIB is added to dark-adapted chloroplasts, the absorption near 
g = 1.90 decreases with a concomitant  increase in absorption at g = 1.95 (Fig. 
3). The remaining g = 1.90 signal is still oriented perpendicular to  the mem- 
brane and the new g = 1.95 signal is oriented in the plane of  the membrane 
(Fig. 4). With saturating amounts  of  DBMIB this effect  has been shown to com- 
pletely abolish the g = 1.90 absorption signal with the concomitant  generation 
of  the g = 1.95 signal [25].  The nature of  this effect  is no t  clear, but  a further 
s tudy of  the DBMIB effect  may give information concerning the inherent 
symmetry  of  the Rieske cluster and its relationship with quinones in the elec- 
tron transport  chain of  chloroplasts. 

Iron-sulfur Clusters A and B 
Our discussion of  the orientation of  these clusters is complicated by  the 

finding of  three light-induced signals in the g 2.05 region. It is unlikely that  the  
signal at g 2.07 belongs to  the component  X [12] because the temperature  of  
observation is t oo  high [12],  the microwave power  is too  low [12] ,  the orienta- 
tion is not  that  reported b y  Dismukes and Sauer [23] and we cannot  resolve 
the signal of  X at g 1.76. However,  there are many other  possible explanations 
for the three signals. Perhaps the two most  likely are that  there are either three 
separate iron-sulfur clusters, A, B, and a new componen t  C, or only two 
clusters, A and B, with the third signal reflecting an interaction be tween the 
two clusters. 

In unoriented samples, illumination of  dark adapted chloroplasts at cryo- 
genic temperatures reduces Cluster A with almost no contr ibut ion from Cluster 
B [7] ,  so the assignment of  the  features at g 2.05, 1.94 and 1.86 to  thegz,gy 
and gx axes of  Cluster A seems unambiguous.  As shown in Table II, the  orien- 
tat ion of  these three axes are appropriate for them belonging to  the same 
cluster. 
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The assignment of principal g-values to Cluster B is complicated by the fact 
that Cluster B is never observed by EPR without a reduced Cluster A signal, at 
least in spinach chloroplasts. Nevertheless, Cluster B is usually assigned the 
principal g values gz 2.05, gy 1.92, gx 1.89 [8--10] and indeed Table II shows 
that the set of g values gz 2.04, gy 1.92 and gx 1.89 satisfies the magnetic axis 
orientation requirements. However other combinations are equally allowed on 
the basis of their orientation, and one alternative set stands out; gz 2.07, g~ 
1.94 and gx 1.89. Cammack et al. [36] have reported similar values for Cluster 
B in the blue green alga Phormidium laminosum. 

The decrease of the g 1.86 signal concomitant with the reduction of Cluster 
B [8--10] is widely attributed to spin-spin interaction between Clusters A and 
B, and indeed the disappearance of the g 1.96 signal is strong evidence in favor 
of the suggestion that the three signals in the g 2.05 region belong to Cluster A, 
Cluster B, and some sort of interacting conglomerate of A and B, rather than to 
three independent clusters [10]. The disappearance of the g 1.86 signal is 
usually attributed either to a shift to the g 1.89 region, or to a broadening until 
it effectively disappears. If the former were the case we might expect to see a 
component of the g 1.89 signal having an orientation similar to that of the g 
1.86 signal, but our data show no such correlation. Unfortunately the orienta- 
tion of the chloroplast membranes illuminated during freezing (Fig. 7) was 
apparently too poor to resolve the individual features of the g 2.05 region (cf. 
Fig. 5) so we cannot rule out a change in the orientation of Cluster A to bring 
the g 1.86 axis co-planar with the g 1.89 axis of Cluster B. Nevertheless, the 
orientation of the g 1.94 axis does not seem to change significantly when 
Cluster B is reduced (cf. Figs. 6 and 8). 

The recognition of three signals in the g 2.05 region, and the two alternative 
possible sets of g values for Cluster B, suggest that there are other changes con- 
comitant with the disappearance of the g 1.86 signal attributed to Cluster A. 
For example, if Cluster B has g values at 2.04, 1.92 and 1.89, the signal at g 
2.07 may appear as the g 1.86 signal disappears. Alternatively if Cluster B has 

TABLE II 

ASSIGNMENT OF g-VALUES AND ORIENTATION TO THE IRON-SULFUR CLUSTERS OF 
SPINACH CHLOROPLASTS 

F or  d e f l n / t i o n  o f  0 and  ~ see Table I. 

Fe-S centers g-value 0 ~ cos2~ ~cos2~> 

Center A gz 2.05 25 65 0.18 
gy 1.94 40 50 0.41 ~ 1.00 
#x 1.86 40 50 0.41 } 

Rieske center gz 2.08 0 90 0 
gy 1.90 90 0 1 I 1.00 
gx ? 0 (deduced) 90 O 

C e n t e r  B gz 2.04 0 90 O 
gy 1.92 90 0 1 / 1.00 
gx 1.89 0 90 0 

C e n t e r  B gz 2.07 50 40 0.59 | 
gy 1.94 40 50 0.41 / 1.00 
gx 1.89 0 90 0 
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the g values 2.07, 1.94 and 1.89, the signals at g 2.04 and 1.92 may  appear as 
the g 1.86 signal disappears. In either case the new signals could be at t r ibuted 
to the interaction of  Clusters A and B. Such an assignment could be tested by 
EPR at higher frequencies. 

Unfor tunately ,  until we have far more information about  the physical nature 
of  the interactions between the iron-sulfur clusters, computer  simulation of  the 
oriented spectra [22] will be impossible, and our conclusions will have to 
remain rather tentative. Nevertheless, it is clear that  both  Clusters A and B 
show a high degree of  orientation, for example the g 1.94 axis shows a dichroic 
ratio of  more  than 7. These results are in apparent contradiction with those of  
Dismukes and Sauer [23] who reported no orientation of  Cluster A. However 
their work only examined the membranes with applied magnetic fields per- 
pendicular to,  or parallel with, the oriented membranes.  Since both  the g = 
1.94 and g = 1.86 axes are aligned at 40 ° from the membrane plane, spectra  
recorded at 0 ° and 90 ° from the plane show little difference (Fig. 5). Our data 
agree with Dismukes and Saner in that  the g = 1.92 axis, normally assigned to 
Cluster B, is orthogonal to the membrane.  

Both iron-sulfur Clusters A and B are thought  to be tetranuclear iron sulfur 
cluster [30].  Unfortunately,  no model  for such clusters [31--35]  has been 
developed as fully as the Gibson model  for the binuclear types,  and we are 
unable to assign structural axes to the magnetic axes measured here. A sum- 
mary of  the orientations of  the magnetic axis of  the iron sulfur centers within 
the chloroplast membrane,  including the two possible assignments of  Cluster B, 
is shown in Fig. 9. 

Other paramagnetic ten  ters 
The dark-adapted chloroplasts exhibited two other  prominent ,  rather broad, 

EPR signals in the iron-sulfur region of  the spectra at g = 2.3 and g = 1.73. Both 
are oriented orthogonal to the membrane plane so the simplest explanation is 

Rieske FdA 

Z X X 
"Fd B" "Fd B" 

g 2.04, gl.92,gl.89 g 2.07, g 1.94,g 1.89 

Fig. 9. I s o m e t r i c  project ions  o f  the m a g n e t i c  axes  o f  the  iron~mlfur clusters in the  chloroplast  m e m b r a n e .  
Rieske  Cluster ,  gz = 2 . 03 ,  g:~ = 1 .90  a n d  gx u n d e t e c t e b l e  in our  experiments:  b u t  deduced  to  be  or iented  
as shown;  Cluster A, gz = 2 . 05 ,  g~ = 1 .94 ,  a nd  f l  x = 1 .86 ;  Cluster  B, t w o  possible  or ientat ions  o f  this  
center  depend/ng  u p o n  g-value a s s / i ~ m e n t s .  
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that they belong to two different paramagnetic centers. These signals have not 
been reported before, presumably bacause they are too broad in unoriented 
samples. Their spectrum does not change upon illumination either at room 
temperature or at 15 K. The functions of the species which these signals 
represent are unknown. 

In contrast, the signal at g = 2.15, oriented orthogonally to the membrane 
plane is generated during illumination at low temperatures. This signal is rather 
broad, and again has not been reported previously. Since it is generated by light 
at low temperatures it is tempting to assign it to some paramagnetic center 
associated with one of the two photosystems, but more work will be required 
to clarify this point. In view of the orientation of this signal, it seems unlikely 
that it is associated with the interaction of Clusters A and B. 

The orientation studies offer the distinct advantage of concentrating spins 
for improved EPR observability. This is evidenced by the increased content of 
Cluster B observable in the low temperature illumination experiments and the 
new signals reported at g = 2.15, 1.73, and 2.3. 
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