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Summary 

The temperature dependence of  EPR spectra of  oxidized [4Fe-4S*] ( -1 ' -2)  
ferredoxins (previously designated HiPIP) and a reduced [4Fe-4S*] ( -2 ' -3)  
ferredoxin have been analyzed so as to determine the energy of  a low-lying 
excited electronic state. The values obtained were: Center S-3 from beef  heart, 
44 cm-~; Center S-3 from mung bean, 53 cm-1; the [4Fe-4S*] (-1,-2) ferredoxin 
from Thermus thermophilus, 78 cm-l;  Center N-2 of  NADH ubiquinone 
reductase, 83 cm -1. Increasing axial distortion in the EPR spectra of  the 
[4Fe-4S*] (-1,-2) ferredoxins was associated with higher energy differences. 
Center N-2, a [4Fe-4S*] ( -2 ' -3)  iron-sulfur cluster does not  fit this relation- 
ship. 

Introduction 

Recently,  we reported [1] a s tudy of  the temperature dependence of  the 
electron paramagnetic resonance (EPR) spectra of  a number  of  reduced 
binuclear ferredoxins [2Fe-2S*] ( -2 ' -a) .  We were able to relate the increase in 
EPR linewidth and the fall-off of  the EPR integrated intensity to a low-lying 
excited state which could be interpreted in terms of  antiferromagnetic 
exchange coupling between the two iron ions. 

* Present  address:  D e p a r t m e n t  of  Biochemistry,  Duke University School of  Medicine, Durham,  NC 
27710,  U.S.A. 

** Present  address: Depar tment  of  Biochemistry,  University of  Cambridge,  Tennis  Court  Road,  Cam- 
bridge CB2 1QW, U.K. 

Abbrev ia t ion:  HiPIP, high Potential  iron-sulfur protein,  is an abbrev ia t ion  for  a class of iron sulfur-pro- 
teins which are p a r a m a g n e t i c  in their  oxidized form. 
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In this paper we report  similar measurements on tetranuclear iron-sulfur 
proteins which are either paramagnetic in the oxidized form [4Fe-4S*] ~-1) 
(formerly known as Chromatium HiPIP types) or in the reduced form [4Fe- 
4S*] (-3) {previously called clostridial ferredoxin types) [2]. We find that the 
EPR spectral parameters can be related to the electronic structure of  the ferre- 
doxin in a regular way. 

The integrated intensity of  the EPR spectrum can be used to locate nearby 
excited states. As the EPR visible state becomes thermally depopulated its total 
magnetism falls off  faster than predicted from the simple Curie law tempera- 
ture dependence.  Thus [ 1,3 ], 

( I .  T) = (I- T ) L  w . (1 + me--~/kT) -1 

where A is the posit ion of  the excited state, m is its multiplicity relative to the 
ground state, I is the integrated intensity of  the EPR spectrum, and the sub- 
script LT means low temperature,  that  is, a temperature at which the product  
I .  T has become constant.  

The analysis of  the EPR line width so as to elicit the Lorentzian spin packet  
spin-lattice relaxation time, T~, is described in the Results. The dependence of  
T1 on temperature follows an Orbach process [3--5]:  

T~ l = A ( e ~ / k T  __ 1)-1 

and for A / k T  > >  1 

T~ 1 = A e - - , X / k T  

Materials and Methods 

EPR techniques and equipment  have been described previously [1,3]. 
Reconsti tutively active soluble succinate dehydrogenase was prepared as 
described in Ref.  6. Membrane-bound succinate dehydrogenase from mung 
bean hypocoty ls  (Phaseolus aureus) was prepared by  the method  of  Rich and 
Bonner [7]. NADH ubiquinone reductase was prepared by the method of  
Hatefi et  al. [8].  

The [4Fe-4S*] center from Thermus thermophilus HB8 was a gift from Dr. 
T. Oshima. Its purification will be described elsewhere (Sato, S. et  al., unpub- 
lished). 

Results 

Center S-3 
Fig. 1 shows the EPR derivative spectra of  Beef heart  S-3 at various tempera- 

tures. The low temperature spectrum was compute r  simulated and fit with the 
parameters given in the legend of  Fig. 1, equal to those of  Ruzicka et al. [9],  
except  that  the line widths were slightly larger. In this preparation a g = 2 signal 
becomes a large factor  as the temperature is raised. In fact, at  32 K (Fig. 1C) 
the S-3 signal has become so broad as to be almost invisible at the sensitivity 
necessary to keep the recorder tracing on scale. This free radical type  signal has 
a peak-to-peak line width of  1.6 mT {16 gauss), too  wide to be a quinone 
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Fig. 1. EPR spectra o f  center  S-3 o f  suec ina te -ey toehrome c reductase f r o m  bee f  hear t  taken at 20 mW o f  
i n c i d e n t  p o w e r  (sol id  curves).  C o m p u t e r  s imu la t i on ,  dashed curve. EPR parameters  assumed f o r  s imula-  
t i on :  gx  = 1 .990 ,  gy = 2 .0108 ,  gz = 2 .0190 ;  A H  x = 2.6 m T  (26  gauss), A H y  = 1.5 m T  (15  gauss), A H  z = 
1.0 m T  (10  gauss) where  the  Gaussian l ine w i d t h  A H  varies w i t h  g value accord ing  to the express ion 
A H  = ( A H 2 1 2  x + A H 2 1 ~  + AH2"2xl/2z-z, a n d  l x ,  l y ,  1 z a re  t he  d i r e c t i o n  cosines between t he  e x t e r n a l  
m a g n e t i c  f ie ld  a n d  the principal g-axes .  

radical alone. It may arise from a flavin; however, the flavin of  SDH is not  
paramagnetic in the fully oxidized form. 

This difficulty at higher temperature is obviated by using integrals of  these 
spectra, as shown in Fig. 2. The area under the narrow g = 2 signal is actually 
small compared to that  under the S-3 signal and makes a slight overall contribu- 
tion. 

Line widths could be taken from the asymmetric integrals as shown in Fig. 
2C. AH is the distance from the line center to the half height on the low field 
side. This is a somewhat arbitrary but nonetheless useful way of  deriving a line 
width. This parameter is plotted in Fig. 3 (closed circles) as a function of  
inverse temperature.  

To extract the line width of  individual spin packets from information about  
the overall line width the approximate expression, AH 2 = ~ + A/-FG, was 
used, where AHG is the low temperature inhomogeneous (Gaussian) line width, 
and AH L is the (Lorentzian) line width due to the lifetime of  the individual 
spin packets. This expression is strictly correct only for a convolution of 
Gaussian distributions [10]. The Lorentzian line width so derived is plotted in 
Fig. 3 (open circles) and one sees that  the line width and therefore the inverse 
spin-lattice lifetime, T~ ~, can be expressed as T~ ~ cc A H  L cc e x p ( - - A / k T )  with 
A = 44.7 cm -~. 

A more exact determination of  the spin packet line widths was made using 
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Fig. 2. Integrals of EPR spectra of center S-3 similar to those shown in Fig. 1 (solid curves). Simulations 
(dashed curves) were made as described in the legend of Fig. 1. The spectra were then braodened by con- 
volution with a Lorentzian line shape whose half-width is: (A) 10 K, 0; (B) 26 K. 2.8 mT (28 gauss): (C) 
31 K. 5.0 mT (50 gauss). 

Fig. 3. Line width of the EPR absorption spectrum of center S-3 (distance in gauss from the peak position 
to the half maximum field on the low field side) versus inverse temperature (0). Fit to these data assuming 
that the spin packet line width AHL can be extracted by AHL = (AH* - AH&)‘!2 where AHG is the low 
temperature value of AH (o). Line has a slope A = 44.7 cm-*. Widths of Lorentzian spin packets needed 
to fit spectra in Fig. 2 with computer simulations (m). 

computer simulations of the EPR absorption spectra. The basic low tempera- 
ture EPR parameters, given in Fig. 1, were held fixed and were convoluted with 
Lorentzian spin packets whose width was varied to fit the spectra of Fig. 2 
(dashed curves). These line widths are plotted in Fig. 3. The value found for 
A is unchanged. 

Integrals of the EPR absorption spectra, I, were digitally obtained. 1. T, 
where T is the absolute temperature, are plotted in Fig. 4 versus inverse tem- 
perature. The fail-off in intensity with increasing temperature can be fit by 
assuming an exited state at 43.2 + 4 cm-1 above the EPR visible ground state 

01 I I 1 I I I 
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Fig. 4. Integrated absorption of center S-3 times absolute temperature, I T. versus inverse temperature 

(0). Vertical scale is normalized to I T = 100 at low temperatures. Curve assumes an excited state at 
A = 43.2 cm-’ above ground state with relative multiplicity of m = 27. 
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F i g .  5.  D a t a  o f  F i g .  4 f o r  c e n t e r  S-3  r e p l o t t e d  ( e ) .  S t r a i g h t  l i ne  is  l e a s t - s q u a r e s  f i t  t o  d a t a .  S l o p e  g i v e s  

= 4 3 . 2  + 4 c m  -1 a n d  y - i n t e r c e p t  g i v e s  m = 2 7  +- 8. 

F i g .  6 .  L i n e w i d t h  o f  t h e  E P R  d e r i v a t i v e  s p e c t r a  o f  c e n t e r  N - 2  o f  N A D H  u b i q u i n o n e  r e d u c t a s e  f r o m  b e e f  
h e a r t  ( d i s t a n c e  in  G f r o m  p e a k - t o - p e a k  o f  t h e  g £  s i g n a l )  v e r s u s  i n v e r s e  t e m p e r a t u r e  ( e ) .  F i t  o f  L o r e n t z i a n  

s p i n  p a c k e t  l i ne  w i d t h  as  in  F i g .  3 (:3). L i n e  h a s  s l o p e  2, = 8 3 . 3  c m  - !  . 

with a relative multiplici ty of  27 _+ 8. In Fig. 5, the data are replot ted to show 
this fit. 

The EPR signal f rom mung bean S-3 [7] was followed to 24 K (data not  
shown}. From analysis of  linewidth and intensity data we find A --- 53 + 10 
cm -1 and m = 25_+ 10. 

T. thermophilus 
EPR studies of  T. thermophilus HB8 [4Fe-4S*] ( -1 ' -2)  ferredoxin have been 

repor ted previously [ 11]. The center  has principal g values in the oxidized state 
of  gx = 1.93, gy = 1.98, gz = 2.014. We find from integrated intensity measure- 
ments (data not  shown), A = 78.6 + 3 and m --- 1400 + 400. Other  results will 
be for thcoming (Ohnishi, T. et al., unpublished). 

Center N-2 
The EPR spectrum of  reduced center  N-2 is well-known [12,13] .  In Fig. 6 

we plot the line width of  the g± peak versus inverse temperature .  In this case 
the parameter  measured was the distance in gauss between the peaks. The data 
were analyzed in the same way as the S-3 linewidth data. We find A = 83.3 
cm -1. Signals f rom other  iron-sulfur centers in this preparat ion made the 
measurement  of  the integrated intensity unfeasible. 

Discussion 

Many of  the magnetic and electronic properties of  the [2Fe-2S* ] ferredoxins 
can be unders tood on the basis of  a model  o f  antiferromagnetic exchange 
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coupling between the iron ions [ 14,15 ]. This model predicts a ladder of  excited 
states whose spacing depends on the magnitude of the exchange coupling 
constant  J ( J <  0). The first excited state in the reduced ferredoxin is --3J 
above the ground state. Except for one example [16] only the first excited 
state in the ladder has been detected. 

In Fig. 7 we show the interrelationship of J for binuclear ferredoxins and the 
rhombicity of  the EPR spectrum. These data have been reported previously [ 1] 
except for spinach ferredoxin [9] and are included here for comparison with 
the tetranuclear case. 

The antiferromagnetic model may also be applied to tetranuclear ferredoxins 
[3]. If the coupling among the iron ions is the same, the ladder of excited 
states will be the same as in the binuclear case with the first excited state at 
A . . . .  3J above the EPR visible ground Kramers doublet. Again there is only 
one measurement at this time [17] in which more than the first excited state 
has been detected. 

Fig. 8 shows the relationship of  /~ to the EPR parameter g~ --gy.  At first 
observation the tetranuclear ferredoxins studied appear to have only axial 
distortion with g~ = gy. This is not  actually the case with Center S-3 and the 
ferredoxin from T. thermophilus. The apparent axiality is due mainly to the 
large line width of the EPR spectra near gx. Nevertheless, g~ -- gy can be taken 
as a measure of  the axial distortion of the system from tetrahedral symmetry.  
Fig. 8 shows that  this is associated with increasing A for the HiPIP types. 
Center N-2 which is EPR visible when reduced to the [4Fe-4S*] (-3) state does 
not  fall on this curve. Thus the HiPIP types of ferredoxin can be distinguished 
from the clostridial types, such as center N-2 of  NADH dehydrogenase [19] on 
the basis of the EPR parameters and the value of the exchange integral. The 
relationships summarized in Figs. 7 and 8 are thus useful for sorting out  the 
ferredoxins. 

Binuclear Iron- Sulfur Proteins 
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Fig .  7. R e l a t i o n s h i p  b e t w e e n  t h e  a n t i f e r r o m a g n e t i c  c o n s t a n t  J fo r  b i n u c l e a r  f e r r e d o x i n s  a n d  r h o m b i c  
d i s t o r t i o n  o f  the  E P R  s p e c t r u m  as m e a s u r e d  b y  g y  - - g x .  See  R e f s .  1 a n d  9 .  
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Fig. 8. Relat ionship b e t w e e n  the  pos i t i on  o f  the  first e x c i t e d  s tate  of tctranuclear  iron-sulfur proteins and 
the  axial  d i s tor t ion  o f  the  EPR s p e c t r u m  as measured by gz - -gv .  Values for C h r o m a t i u m  v inosum and 
R h o d o p s e u d o m o n a s  gelatinosa are from Rcfs. 3 and 17, respectively, g values for C. v inosum from Ref. 18. 

We note that in similar systems [20]  the exchange integrals are extremely 
sensitive to the distance between the iron ions so that it is at least consistent 
that increased axiality (especially if it implies a decrease of  Fe-Fe distance} 
correlates with increased A. 

At this time we are unable to find a connection between the electronic struc- 
ture as revealed through EPR parameters and physiological information such as 
the midpoint  potentials o f  these proteins. 
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