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Summary 

Oriented multilayers made from beef heart and yeast mitochondria and sub- 
mitochondrial particles were studied using electron paramagnetic resonance. 
EPR signals from membrane-bound iron-sulfur clusters and from a spin-coupled 
ubiquinone pair are highly orientation dependent, implying that these redox 
centers are fixed in the membrane at definite angles relative to the membrane 
plane. Typically the iron-iron axis (gz) of the binuclear iron-sulfur clusters is in 
the membrane plane. This finding is discussed in terms of the protein structure. 
the tetranuclear iron-sulfur clusters can have their gz axis either perpendicular 
or parallel to the membrane plane, but intermediate orientation was not 
observed. 

Introduction 

A variety of electron and hydrogen carriers function in the respiratory chain 
of mitochondria. These include hemes, flavins, ubiquinones, and iron-sulfur 
centers. The last components contain either two or four iron atoms in each 
cluster, and occur in NADH, succinate, and electron transfer flavoprotein 
dehydrogenases and in the cytochrome b-c, region. 

Recently, oriented multilayers prepared from membraneous biological 
structures such as mitochondria, reconstituted cytochrome oxidase vesicles, 
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and chromatophores have been studied using optical and EPR techniques 
[1--6]. These specimens generally have order along a single axis, a property 
which has made it possible to obtain information describing the orientation of 
the hemes of cytochrome oxidase, cytochromes b, and cl, cytochromes c-551 
and C-555, and cytochrome P-450 in mitochondris1 and chromatophore mem- 
branes [1 -6] .  

The effect of disorder on the spectra of chromatophores in oriented multi- 
layers has been studied by Blum et al. [7]; through computer simulation a 
procedure was devised for determining orientation and estimating disorder. 
Both stacking disorder and chromophore disorder (non-rigid orientation of 
the chromatophore in its protein and of the protein in the membrane) were 
found to contribute to disorientation (mosaic spread). 

In order to relate the orientation of the EPR signals to  the structural infor- 
mation, some knowledge of the electronic configuration of the chromophore is 
needed. A model proposed by Gibson et al. [8] to account for the EPR 
spectrum of binuclear iron-sulfur proteins (spinach ferredoxin classes) has 
received considerable experimental support [9,10]. Unfortunately, no com- 
parable model [11--15] exists for tetranuclear iron-sulfur proteins (either 
HiPIP or bacterial ferredoxin classes). 

The small g value anisotropy of flavin and ubiquinone radicals is of limited 
usefulness in determining orientation. However, the anisotropy introduced by 
spin-spin interactions between electron carriers can be used to obtain important 
information on the placement of electron carriers in the membrane. 

In this paper, we describe the orientation of various iron-sulfur centers in 
oriented multilayers of mitochondrial membranes. We also present improved 
data on the orientation of a spin-coupled ubiquinone pair [16,17]. 

Materials and Methods 

Beef heart mitochondria were prepared by the method of LSw and Vallin 
[18]. Cells of Saccharomyces carlsbergensis were grown as described by 
Ohnishi et al. [19] and mitochondria were prepared by the combined method 
of cell wall digestion and mechanical disruption [20]. The preparation of 
oriented multilayers was carried out as previously described [2,3]. 

The partially dehydrated multilayers were sliced into rectangular strips to fit 
into the sample holder. Reduction of the multilayers was usually accomplished 
by pipetting drops of a freshly prepared saturated solution of dithionite or the 
more physiological reductant, succinate. After incubation at room temperature 
for 1--5 min, the excess fluid was removed by blotting with a tissue and the 
multilayer was mounted in its holder and quickly brought to the temperature 
needed for observation of the EPR spectra. This treatment prevented the 
distruction of orientation. The samples could be repeatedly removed from the 
holder, brought back to room temperature and further reduced or oxidized. 
Oxidation was similarly accomplished with ferricyanide. 

The oriented multilayers were inserted in a quartz sample holder for protec- 
tion and ease in manipulation as illustrated in Fig. 1. Angles between the direc- 
tion of Zeeman field and the plane of the multilayer samples were measured 
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Fig.  1. S c h e m a t i c  d i a g r a m  o f  t h e  device  fo r  o r i e n t a t i o n  a n d  r o t a t i o n  o f  t he  m u l t i l a y e r  s ample .  The  h e l i u m  
f low  s y s t e m  is Ai r  P r o d u c t s  M o d e l  L T D - 3 - 1 1 0 .  

using a goniometer which was mounted  on top  of  the quartz dewar insert 
(Fig. 1). 

EPR spectra were obtained using either a Varian E-104 or E-109 microwave 
spectrometer.  Sample cooling and temperature control have been described 
[2]. 

The data were analyzed using a computer  program which has been previously 
described [7].  This program assumes ordering in the normal direction only and 
models deviations from perfect order using a Gaussian distribution of  chromo- 
phore orientations. 

In addition, a program which models dipolar coupling between radicals was 
written. Since the species to be modeled are nearly isotropic, the splitting was 
approximated as: 

---/~eff r-3( 1 -- 3 cos2~) = D( I  -- 3 cos2~) 

since the g tensor of  the radical pair could be taken as effectively parallel, r is 
the distance between the spins, ~ is the angle between the external magnetic 
field and the dipole axis and ~etf is the magnetic moment  of  one of  the inter- 
acting spins. 
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Results 

Succinate dehydrogenase 
Addition of  succinate or a small amount  of  dithionite to oriented multilayers 

(as described in Materials and Methods) evolves 'g = 1.94' EPR signals asso- 
ciated with binuclear iron-sulfur clusters in succinate dehydrogenase. If the 
reduction is done with dithionite it is important  to limit the time of  exposure 
of the multilayer to dithionite to prevent reduction of  the NADH dehydro- 
genase components  as well. As described in Materials and Methods, it is possible 
to repeatedly freeze and thaw the multilayers, enabling us to moni tor  their 
state of  reduction with time. Fig. 2 shows EPR spectra, recorded at 20 K, of 
partially reduced multilayers prepared from beef heart  mitochondria  with the 
plane of the multilayers oriented parallel and perpendicular to the Zeeman 
field. 

A signal at g = 1.91 can be tentatively assigned to Center S-1 in succinate 
dehydrogenase. This peak is maximal when the magnetic field is aligned with 
the normal to the multilayer. The signal at g = 1.93 is expected to be largely 
due to Center S-1; it is maximized when the field is parallel to the plane of  the 
multilayer. The spectrum of  Rieske's iron-sulfur center  is also orientation 
dependent;  the EPR signal at g = 1.90 is maximal when the magnetic field is 
parallel to the plane of  the multilayer and the signal at g = 1.80 is maximal 
when the magnetic field is along the normal to the multilayer. 

The g~ signals of  Rieske's center  and Center S-1 are visible near g = 2.025. 
This region is heavily overlapped by the Cu(II) spectrum from cytochrome 
oxidase, which is difficult to fully reduce in oriented preparations due to poor 
equilibration between the layers of  the sample. It is clear, however, that  the g~ 
signal of  binuclear iron-sulfurs is maximal when the field is parallel to the plane 
of  the multilayer. 

T,oo T,U 
2.02b ~" 1.93"1.90 

Fig. 2. EPR spectra recorded at 20 K of  or iented  mult i layers  o f  bee f  herat  mi tochondr ia  which  were  pax- 
tially reduced b y  suceinate  plus  di thionite .  EPR-operat ing condi t ions:  microwave  p o w e r ,  5 roW; modula-  
t ion amplitude, 10 gauss; scan speed ,  250 gauss/rain; time constant, 1 s. ±, the or ientat ion  in w h i c h  the 
Zeernan field l ies a long the normal  to  the m e m b r a n e  phase; [[, the  field is in the  plane o f  the multilayer. 



274 

For purposes of analysis, computer  simulations were made of individual 
centers. Fig. 3 shows one set of simulations of S-1 in the parallel and perpen- 
dicular orientations for various degrees of disorder. As the amount  of mosaic 
spread increases the relative amplitudes of the gx, gy, gz signals change as does 
change in amplitude of each signal with angle. The line positions stabilize for all 
mosaic spreads greater than 20 ° . 

It is difficult to compare these simulations in detail with the overlapped 
data. However, a number of features can be picked out. In order to suppress 
the gy signal to the extent seen in Fig. 2, the mosaic spread is about 20°--30 °. 
This is in agreement with the other signal amplitudes and positions. The gy and 
gz signals have maximum amplitude when the magnetic field is parallel to the 

Perl:~mdicular C)rientatiorl Pomllel Orientation 

j- 
gvok~ 

Mosaic Spread /~ 
_ 

20° ~ 

60 ° 

90 ° 

I0 7 

2- 
g ~lue 

Fig. 3. C o m p u t e r  s imu la t ion  of  Cen te r  S-1 w i th  d i f f e ren t  degrees  of  d isorder .  T w o  o r i en ta t ions  of  mag-  
ne t ic  fie]d re la t ive  to the  m u l t i l a y e r  plane are shown .  The  cen te r  is a s su med  to  have  gy an d  gz  in  the  p lane  
of  t he  m u l t f l a y e r  and  gx pe rpe nd i c u l a r  to  it. The  mosa ic  spread  p a r a m e t e r  is the  ha l f -wid th  of  a Gaussian 
p robab i l i t y  d i s t r ibu t ion  for  d isorder .  The  a s s u m e d  l inewid th  of  Cen te r  S-1 varies wi th  field accord ing  to 
AI'I  2 = A H 2 1 2  + A H 2 1 2  + A/-/2z/2z, whe re  Ix,  ly ,  I z are  the  d i rec t ion  cosines of  the  pr inc ipa l  g axes gx ,  gy, 
g z ,  respec t ive ly ,  w i th  the  appl ied  m a g n e t i c  field and  A H x ,  AHy,  A H  z are Gaussian l inewid th  p a r ame te r s .  
The  values  a s s u m e d  in these  s imula t ions  are  A / / x  = 13 G, A H y  = 9 G, AI'I  z = 6 G. With mosa i c  spread  of  
10 7 one  gets a p o w d e r  p a t t e r n  wh ic h  does  n o t  change  wi th  angle.  I t  was  c o m p a r e d  wi th  u n o r i e n t e d  
samples  in o rde r  to  set  t he  l i newid th  pa r a me te r s .  



275 

multilayer plane and the gx signal is maximum when the field is perpendicular 
to the plane. 

The orientation dependence of these iron-sulfur signals is summarized in 
Figs. 4 and 5. It is evident that the gx directions correspond to the normal to 
the multilayer plane and the gy and gz directions are in the plane. 

Fig. 6 shows EPR spectra of multilayers made from S. carlsbergensis mito- 
chondria. These mitochondria contain no NADH dehydrogenase; therefore, we 
can eliminate the NADH dehydrogenase iron-sulfur centers from consideration. 
The orientation dependence of the signals is similar to that of the signals shown 
in Fig. 2, although somewhat better orientation of Center S-1 was obtained in 
the beef system. 

Oriented multilayers prepared from mitochondria and submitochondrial 
particles show signals from cytochromes, Cu(II) and HiPIP-type iron-sulfur 
centers when oxidized. The former two have been previously described [2,5]. 
Fig. 7 shows the spectra of Center S-3 in oriented multilayers prepared from 
beef heart submitochondrial particles with the field parallel and perpendicular 
to the plane of the membrane. It is clear that the spectra are highly orientation 
dependent, enabling the g values to be partially resolved. From computer 
simulations we find that the data are consistent with gz (2.02) axis perpen- 
dicular to the membrane plane and the gx and gy axes in the plane. Unfortu- 
nately, lack of knowledge about the relationship of the EPR spectra of HiPIPs 
to their structure precludes drawing structural conclusions at this time. 
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F i g .  4 .  A m p l i t u d e s  o f  the  Center  S-1 E P R  signals versus m u l t i l a y e r  o r i e n t a t i o n .  T h e  s i g n a l  a t  1 . 9 1  
(~  . . . . .  "~),  gx,  w a s  m e a s u r e d  f r o m  the  high f i e l d  b a s e l i n e  t o  the  negat ive  peak;  that  a t  2 . 0 2 5  (o  . . . . . .  O), 
gz,  w a s  m e a s u r e d  r e l a t i v e  t o  t h e  l o w  f ie ld basel ine just  b e f o r e  the  Cu 2+ s i g n a l  in terferes ,  the  1 . 9 3  s i g n a l  
( o  . . . . . .  e ) ,  g y ,  w a s  m e a s u r e d  f r o m  the  high f ie ld  basel ine  to  the  p o s i t i v e  p e a k  t o  avoid  i n t e r f e r e n c e  f r o m  
the  gx s i g n a l .  E x p e r i m e n t a l  c o n d i t i o n s  a r e  as  d e s c r i b e d  in  F i g .  2 .  

F i g .  5.  A m p l i t u d e  o f  the  Rieske ' s  center  E P R  s i g n a l s  v e r s u s  m u l t i l a y e r  o r i e n t a t i o n .  E x p e r i m e n t a l  c o n d i -  
t i o n s  as  i n  F i g .  2 .  D a t a  t a k e n  a s  i n  F i g .  4 w i t h :  ~ . . . . .  "~, gx  = 1 . 8 2 ;  • -% gy = 1 . 9 0 ,  a n d  o o, 
gz = 2 . 0 2 5  a t  2 5  K o r  (m m) 1 5  K .  
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Fig.  6. E P R  sp ec t r a  o f  m u l t i l a y e r s  p r e p a r e d  f r o m  S. earlsbergensis m i t o e h o n d r i a .  C o n d i t i o n s  were  as 
desc r ibed  in Fig .  2 e x c e p t  10 m W  m i c r o w a v e  p o w e r ,  a n d  s a m p l e  t e m p e r a t u r e  o f  30 K. 

Fig .  7. EPR spec t r a  o f  o r i e n t e d  m u l t i l a y e r s  p r e p a r e d  f r o m  b e e f  hea r t  s u b m i t o c h o n d r i a l  par t ic les  o x i d i z e d  
w i t h  f e r r i cy an i d e .  Sp ec t r a  were  r e c o r d e d  a t  13 K w i t h  20 m W  of  m i c r o w a v e  p o w e r ;  o t h e r  c o n d i t i o n s  were  
as in Fig .  2. 

NADH dehydrogenase 
Fig. 8 shows the EPR spectra of  dithionite-reduced multilayers with various 

orientations relative to the Zeeman field, recorded at 13 K. With the sample in 
the parallel orientation (Zeeman field in the plane of  the multilayer) we see the 
gz peak from Center N-4 at g = 2.10. As the multilayer is rotated towards the 
perpendicular orientation, this peak gradually decreases in amplitude. Con- 
versely, the corresponding peak from Center N-2 at g = 2.05 is maximal with 
perpendicular orientation; overlapped with it is the gz peak from N-3 at g = 
2.035 in the parallel orientation. 

At higher field, the resonances at 1.88 and 1.86 corresponding to the g= of  
Centers N-4 and N-3, respectively, are maximal in the parallel direction [21].,  

The orientation dependence of  signals from tetranuclear iron-sulfur clusters 
in the NADH dehydrogenase segment is summarized in Fig. 9. All of  the peaks 
have maximum intensity at 0 ° or 90 °. It is interesting to note that, as predicted 
by computer  simulations, the peak positions remain at the principal g values 
and do not  shift with multilayer orientation. 

It is also of  interest to note  that  although the sample is highly ordered, with 
apparent 'dichroic ratios' of  over 10 : 1 (ratio of  maximum signal to minimum 
signal as the orientation is varied *), the signals at g = 2.08 from the electron- 
transferring flavoprotein iron-sulfur centers show no ordering (see Fig. 10). 
This implies that  the center is only loosely associated with the membrane,  
rather than rigidly bound.  It also provides us with a useful internal standard; 
since these signals are invariant to rotat ion we can eliminate the possibility of  
sensitivity changes during rotat ion of  the sample or with time. 

Further  reduction of  the multilayer by extended soaking in dithionite solu- 

* We n o t e  t h a t  a l t h o u g h  th is  is n o t  a t r u e  d ich ro ic  r a t io  in t h e  sense  t h a t  it  d o e s  n o t  c o r r e s p o n d  to  w h a t  
an  opt i ca l  m e a s u r e m e n t  w o u l d  y i e l d .  I t  is still  a m e a s u r e  o f  order .  
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Fig. 8. EPR spec t ra  r e c o r d e d  at  13 K of  mui t i l aye r s  r e duc ed  wi th  d i th ion i te .  EPlt, cond i t i ons  were  as in 
Fig. 2. 

Fig. 9. Or i en t a t i on  d e p e n d e n c e  of  EPR signals of  var ious  i ron-sulfur  cen te rs  in o r i en t ed  m u l t i l a y e r e d  beef  
hea r t  s u b m i t o c h o n d r i a l  part icles.  The  g = 2 .10  (o),  2 .05  (~),  and  1 .88  (e)  signals were  r e c o r d e d  a t  13 K 
and  5 roW, while  g = 1 .86  (m) a nd  2 . 035  (A) signals were  a t  11 K and 100  m W  in o rd e r  to  r educe  inter-  
fe rence  f r o m  o t he r  centers .  

tion increases the intensity of  the signals at g = 1.94 but causes loss of  order. In 
the samples where Centers N-3 and N-4 (Era = --240 mV) were significantly 
reduced the g = 2.03 and 1.91 signals were intensified in the perpendicular 
orientation. This suggests that  Center N-lb (Era = --240 mV) is at least partially 
reduced and is similarly oriented as Rieske's center and S-1. It is not  clear 
whether additional signals include contribution from Center S-2; further experi- 

~ J 

f t 

- ~ " J  X "~ \L I" 

t t t  
2.08 2.05 2.02 1.90 

Fig. 10. EPR spec t ra  of  o r i en t ed  mu l t i l aye r s  of  bee f  hea r t  m i t o c h o n d r i a  a t  19 K. O th e r  cond i t ions  were  
s ame  as in Fig. 2. 
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Fig. 11. EPR spec t ra  r e c o r d e d  a t  12 K of o r i en t ed  mul t i l aye rs  p r e p a r e d  f r o m  bee f  h ea r t  m i t o c h o n d r i a .  
T h e  mul t i l aye r s  were  p r e p a r e d  in the  p resence  of  100 /~M a n t i m y e i n ;  a f te r  d ry ing ,  t h e y  were  d ipped  in a 
m i x t u r e  of  10 m M  f u m a r a t e  and  20 m M  ascorba te ,  inser ted  in a qua r t z  sample  t u b e  and  f rozen  in l iquid 
N 2. The  s i g n a l s  i n  t h e  wings are due  to  the  sp in-coupled  qu ino n e  pair;  the  large cent ra l  peak  is due  to iron- 

sulfur  Cen te r  S-3. 

ment~ will be conducted to clarify this point using purified systems, such as, 
oriented liposomes with incorporated NADH-Q reductase. 

Orientation of dipolar-coupled ubisemiquinone pairs 
When dipolar coupling between electron carriers exists, oriented samples can 

be used to determine vectors between these electron carriers in the membrane. 
The simplest example is the dipole-coupled ubiquinone pair which is believed 
to function as electron acceptor of succinate dehydrogenase [22]. 

The nearly isotropic semiquinone species give rise to a quartet with the inner 
pair displaced by +D and the outer pair displaced by +2D about the center. The 
angular dependence of the dipolar interaction is ( 1 -  3 cos2~) where ~ is the 
angle between the Zeeman field and the vector connecting the two spins. 

The EPR spectrum of the dipolar-coupled ubisemiquinone pair can be 
evoked by addition of ferricyanide and succinate or fumarate and ascorbate, 
especially in the presence of antimycin [23]. This is particularly useful in 
oriented multilayers, since poising a sample at a given Eb is difficult at best. 

In Fig. 11, the spectra of a multilayer prepared from beef heart mitochon- 
dria and treated with fumarate and ascorbate are shown at various orientations 
in the Zeeman field. The outer pair are maximal when the Zeeman field is along 
the normal to the membrane stack; one of the inner pair is overlapped by 
signals from iron sulfur Center S-3, but the other is maximal with the field in 
the plane of the multilayer. 

Discussion 

Interpretation in terms of Gibson's model 
We have seen that the g~ signals from S-l, Rieske's center and at least one of 
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the N-1 type centers in NADH dehydrogenase are maximal with the Zeeman 
field in the plane of the membrane. Computer simulation indicates that the z 
direction in each of these centers is within 10 ° of the plane. 

The model proposed by Gibson and coworkers [8--10] for binuclear ('plant 
ferredoxin type') iron-sulfur centers (see Fig. 12a) utilized two antiferromag- 
netically coupled high spin iron atoms. In the reduced state, one iron atom is 
formally ferrous and the other ferric, yielding a net spin of 1/2. 

Admixture of the dx z and dy z orbitals of the high spin ferrous iron into the 
ground state causes gx and gy to fall below 2.00. The gz value is relatively 
unaffected by the spacings of the d orbitals and" lies slightly above 2.0. The z 
direction corresponds to the iron-iron axis. 

Therefore, the Fe-Fe axis of all three binuclear Fe-S clusters which have been 
studied in oriented multilayers lies in the plane of the membrane. While this 
may be coincidental, it may tell us something about the architecture of 
membrane-bound iron-sulfur proteins. Soluble binuclear iron-sulfur proteins 
share the property of having segments with amino acid sequence cysteine-X-X- 
cysteine, where X is any other amino acid. If the polypeptide chains of the 
membrane bound iron-sulfur proteins are arranged in random coils perpen- 
dicular to the membrane, as has been proposed for cytochrome oxidase [24], 
such an amino acid sequence would lead to the carrying of the iron-sulfur 
cluster between adjacent coils. Thus the Fe-Fe axis would lie approximately in 
the membrane plane. 

The tetranuclear iron-sulfur clusters are of two types: 'bacterial ferredoxin 
type'  which shuttles between the net valency states of --2 and --3 which can be 
formally expressed as Fe(II)Fe(II)Fe(III)Fe(III) and Fe(II)Fe(II)Fe(II)Fe(III) 
redox states and 'HiPIP type' which shuttles between --1 and --2 net valency 
states. These share the cubane structure illustrated in Fig. 12b. Unfortunately, 

Z 

Fig. 12. S t ruc tu re s  o f  t w o  classes o f  iron-sulfur clusters: (a) binuclear center  (plant ferredoxin  type )  con-  
tains t w o  Fe and  t w o  acid-labile sulfur (shaded S); (b)  tetranuclear center  (bacterial  ferredoxin  and HiPIP 
types )  con ta ins  fou r  Fe and  f o u r  acid-labile sulfurs.  
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no model exists which relates the magnetic anisotropy to the structure of  these 
iron-sulfur clusters. 

It is of  interest, however ,  to note  that  these centers are fixed in the mem- 
brane. From simulation, we estimate the overall disorder parameter to be about  
30 ° , of  which about  20 ° is probably due to mosaic spread. The remainder 
includes inhomogeneity of  the orientation of  the proteins in the membrane 
and of  the chromophores  in the proteins. The disorder of  all the iron-sulfur 
centers is similar in any one sample, with the exception, as noted,  of  the elec- 
tron transferring flavoprotein iron-sulfur center. No general pattern emerges for 
the orientation of  the tetra-nuclear iron-sulfur centers, which is perhaps not  
surprising in view of their cubane structure, which on casual inspection reveals 
little basis for a preferred orientation. 

Orientation of dipolar-coupled pairs 
Previously, we reported that the quinone pair was arranged so as to span the 

membrane [ 16,17].  The vector connecting the radicals was roughly perpendic- 
ular to the multilayer plane. The present orientation data are somewhat  
improved; computer  modeling of  the variation of  signal with angle suggests that  
the vector lies within 15 ° of  the normal to the multilayer, about  half the 
disorder parameter necessary to fit the spectra. 

The iron-sulfur Centers S-1 and S-2 in succinate dehydrogenase are spin 
coupled [25].  Unfortunately,  we have not  yet  been able to reduce both centers 
to a great enough extent  to observe the coupling in multilayers wi thout  
destroying the order. 

We know that gx of  Center S-1 lies along the normal to the membrane plane. 
The spectrum of the coupled (S-1)-(S-2) pair has been simulated [26];  the 
intercluster vector  lies about  60 ° from the z axis and 45 ° from the y and x axes. 
This suggests that  the vector between S-1 and S-2 lies about  50 ° from the 
normal. However,  it would be useful to check this hypothesis by measurements 
on a fully reduced system containing no NADH dehydrogenase,  such as succi- 
nate cy tochrome c reductase vesicles. 
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