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SUMMARY 

The iron electron-nuclear double resonance (ENDOR) spectra of reduced 
iron-sulfur proteins (two-iron ferredoxins) from spinach, parsley, pig adrenal 
cortex and Pseudomonas put ida  unequivocally show two inequivalent iron atoms at the 
active sites of each of these proteins. The frequencies of the E N D O R  lines establish 
the total electronic spin in the ground state to be 5" - 1/'2. The principal values of the 
hyperfine tensor have been determined for each of the iron atoms and these values 
are consistent with and lend considerable support to the model of a high-spin Fe(III) 
atom and a high-spin Fe(II) atom antiferromagnetically coupled to form an S = 1<2 
system. The measured principal axis components of the effective hyperfine tensors for 
H -- !/'2 are as follows (I and 2 refer to the inequivalent iron sites) : 

Abbreviation:  ENDOR,  electron-nuclear double resonance. 
* This is one of a series of papers describing the electronic properties of several of the two 

iron-two-(labile)sulfur proteins;  related publications contain the results of experiments  oll the 
MOssbauer 25 (called II),  magnetic susceptibility 2~ (called 1 ll) and infrared, optical and circular 
dichroism spectra e7(called IV). An integrated interpretat ion of all of the data  in terms of a specific 
model for these proteins is being published separately. The substance of this paper  (called 1) on 
the electron nuclear double resonance (ENI)OR) spect rometry  and tha t  of If on the MOssbauer 
spectra of these proteins was presented at the 4th Internat ional  Conference on Magnetic Resonance 
in Biological Systems, Oxford, August,  i97 o (R. H. SANDS, J. FRITZ, A. HEARDEN AND \V. R. 
DUXHAM). 

**Present  address: Depar tmen t  of Chemistry, Rensselaer Polytechnic Insti tute,  Troy, 
N.Y. ~2~8o, U.S.A. 
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I R O N  E N D O R  O F  F E R R E D O X I N S  I I I  

Sile • (Fe(III))  Site 2 (tre(II)) 

Ax  A v' ,4 /  Ax  A u Az 

i • 

S p i n a c h  5 t ~ t 50 c - 42 ~ 1.5 ? ? 35-5 -~ 2 M H z  
- -  7 

P a r s l e y  5 t  ~ : 5 ° : 2 42 ± 2 ? ? 34.5 ~ 2.5 M H z  
- - 7  

.4.1. A .1_' ,4 z ,-t .1. ,4 1" A z 

. \ d r e n o d o x i n  5 ° i I 56 + [ - -  i - -  3 43 + 2 17 4- 4 24 : 4 35 ± 1.5 M H z  

P u t i d a r e d o x i n  5 ° • [ .5  56 + i - -  i - -  3 43 + 2 [7 ± 4 24 T 4 35 ~ I-5 M H z  

These data are consistent with Site x being ferric and Site 2, ferrous iron. The primes 
indicate that the A-tensor principal axes for Site I (Fe(III)) are apparently rotated 
about the x-axis with respect to the g-tensor axes by an angle 0 (2o ° ~< 0 ~< 4o°). 
The orientations of the A-tensors for Site 2 (Fe(II)) have not been determined and 
hence the values presented are the observed values of the A-tensors along the x, y, 
and z-axes of the g-tensor for this complex. 

A brief introduction to the theory of ENDOR is given. 

I N T R O D U C T I O N  

Two-iron two-(labile)sulfur proteins or two-iron "ferredoxins", low molecular 
weight proteins of unusually low reduction potential, have been found to serve as 
electron carriers in a variety of biochemical reactions. The "two-iron" or "plant" 
type protein was first isolated from spinach chloroplasts, but is now known to be 
present in all examined photosynthetic organisms which utilize water as an electron 
donor and produce oxygen:. The "two-iron" proteins are found in plants, bacteria and 
mammals 2,a. No three-dimensional structure information is available for these two- 
iron ferredoxins although the amino acid sequence has been published for a number 
of these p r o t e i n s -  these data show that the number of amino acid residues varies 
between'97 and I I2  depending upon the species~-L 

Magnetic susceptibility measurements on the oxidized forms of several of the 
two-iron ferredoxins show that these proteins are diamagnetic at low temperatures. 
EPR and magnetic susceptibility measurements on the reduced forms show an 
effective S = 1/2 molecular paramagnetism at temperatures below Ioo°K 8-11. 
Careful titration of the number of reducing equivalents show clearly that these pro- 
teins act as one electron-transfer agents; the quantitations of the EPR signal and the 
magnetic susceptibility measurements below 77°K are consistent with a single un- 
paired electron thus suggesting that the reducing electron is the paramagnetic elec- 
tron; this suggestion will be examined in detail later. The EPR is observable only at 
temperatures below 2oo°K (lower still for spinach and parsley) and is not found for 
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iron in typica l  environments .  In  all cases, two of the three g values lie below 2.oo23 
(the g value of the  free electron) and the th i rd  g value is only s l ight ly  above. Careful 
analysis  of E P R  spect ra  from ~TFe and 33S enriched prote ins  ~2 ~8 have shown tha t  the  
pa ramagne t i c  electron in the reduced form of these proteins  in t e rac t s  through the 
e lec t ron-nuc lear  hyperfine in te rac t ion  with iron and with  "ac id- labi le"  and  one or 
inore cysteine or methionine  su l fur  at(mis. The na ture  of the iron in the act ive sites 
of these prote ins  has been the sub jec t  of much speculat ion and several  models have 
been proposed in the l i t e ra ture  19 24. I t  is to this problem tha t  this paper  (called 1) 
on the e lec t ron-nuc lear  double  resonance (ENDOR)  spec t romet ry  of these prote ins  
is d i rec ted  as well as the papers  to follow on the M6ssbauer spec t romet ry  25 (11) 
magnet ic  suscept ib i l i ty  26 (III)  and  infrared,  opt ical  and circular  dichroisin spect ra  ~7 
(IV). i t  is our belief t ha t  the results  repor ted  in these four papers  clearly del ineate  the 
na ture  of the iron in these proteins  and establish s t r ingent  cr i ter ia  ~a by which an}, 
future  proposal  for the s t ruc ture  of the act ive site of these prote ins  mus t  be ewt luated .  

M A T E R I A L S  

Spinach ferredoxin was p repared  as described by  PETERING AND PAI.5IEI~2'*L 
i t  was freed of iron and sulfide and then recons t i tu ted  with ei ther  aTFe or '~q:e as 
follows: 4 ml, of app rox ima te ly  I mM ferredoxin were mixed  with I.o ml I M KOH. 
When  the solut ion assumed a pale green color 64 mg Tiron (catechol disulfonate) 
were added  and  ti le mix ture  incuba ted  for 5 min. The protein  was acidified by  the 
add i t ion  of 2 ml of 20 % tr ichloroacet ic  acid and the prec ip i ta te  thus formed collected 
by low-speed centr i fugat ion at  room tempera ture .  The prec ip i ta te  was dissolved in a 
m i n i m u m  volume of 0. 7 M Tris chloride, p H  7.3, and reprec ip i ta ted  2 t imes with 5 % 
t r ichloroacet ic  acid, and finally dissolved in 20 ml of 0.2 M Tris chloride, pH 7.3. To 
this so lu t ion  were added  in the following order, a 25-fold molar  excess of dithi()threi-  
tol, and  a 2.5-fold molar  excess of both FeC12and Na2S. The mixture  was incuba ted  
aerobical ly  at  room tempera tu re  for 9 ° rain with occasional gentle shaking. The 
react ion mix ture  was appl ied  to a I cm × 2 cm DE-52 column which was then washed 
with 50 ml of o.15 M Tris chloride and the prote in  f inal ly e luted with the  same buffer 
containing I M NaC1. The brown eluate was passed over a 2 cm × 30 cm column ()f 
Biogel P6o which was developed with  o.15 M Tris chloride. The red-brown eluate was 
concent ra ted  by  absorpt ion  on a I c m x  2 cm DE-52 column and later  e luted slowly 
with o.15 M Tris chloride conta ining I M NaC1. The sample  was then appl ied  to a 
2 c m x  12 cm Sephadex G-25 column which was equi l ibra ted  and developed with 
o.I  M Tris sulfate, and the eluate was freeze dr ied and dissolved in the requisi te  
volume of 2H20. The value of the ra t io  A420 nm/A275 nm equalled o.45. The various spi- 
nach samples  used for the E N D O R  exper iment  were all ad jus ted  to be 3.2-3.3 mM 
in protein.  They  were t ransferred to ma tched  E P R  tubes,  reduced with solid dithio- 
nite and frozen and s tored in l iquid nitrogen. 

Pars ley  ferredoxin was isolated as previously  descr ibed 30. The apoprote in  was 
p repared  by  successive prec ip i ta t ion  with 8 % tr ichloroacet ic  acid and dissolution in 
Tris-HC1 buffer. Recons t i tu t ion  was carried out  under  anaerobic  condit ions but  
otherwise under  the same condit ions as used for the same spinach protein.  The resul- 
t ing prote in  solution after  concentra t ion  as described above was di lu ted  3-fold with 
2H20 and freeze dried. Fu r the r  removal  of water  was not  a t t e m p t e d ;  the protein was 
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dissolved in a small amount of 2H~O and allowed to stand 1.5 h at room temperature 
under nitrogen before reducing with solid sodium dithionite and freezing in liquid 
nitrogen. Samples thus obtained show a ratio, A422.m/A~77 nm of o.62-o.6 4 and are 
identical in all measured properties to native protein. 

Samples of putidaredoxin were prepared anaerobically by trichloroacetic acid 
precipitation and reconstitution with FeCI@6Fe or 5We) and Na2S 31. Chemical ana- 
lysis and biological activity of reconstituted samples were the same as with native 
proteins. Some samples were exchanged with 2H20 by anaerobic dialysis at room 
temperature (final enrichment in 2H is estimated to be > 9 ° %). 

Pig adrenodoxin was isolated according to previously published procedures 3" 
and the iron exchange was carried out as described by BEINERT AND ORME-JOHNSON a3. 

EXPERIMENTAL 

The products of these 57Fe reconstitution experiments are indistinguishable 
from the native proteins by optical and CD spectroscopy and by activity measure- 
ments a~t, though the introduction of the 57Fe does affect the E P R  spectrum in the 
reduced state by means of the hyperfine interaction between the iron nuclei and the 
net electron spin. No extraneous iron can be detected in the reconstituted and purified 
proteins. 

Spinach and parsley ferredoxin do not suffer any detectable deterioration on 
the one cycle of lyophilization ~6, 3o used in the concentration procedure. The dithionite- 
reduced proteins can be frozen and thawed several times without any measurable 
changes in the E P R  spectra, and since the E P R  spectrum is recognized as a physical 
assay for these proteins 35 this indicates that  negligible deterioration results. For the 
experiments reported here the samples, once frozen in the reduced state were never 
allowed to thaw; thus the slight deterioration (approx. 5 %) which is known to occur 
on reoxidation 36 was avoided. 

Electron-nuclear double resonance (ENDOR) 
ENDOR is a well-established technique for studying paramagnetic sites in 

single crystals 37. In an imaginative series of experiments HYDE and co-workers exten- 
ded this technique to the study of free radicals in solution ~8,29 and later to powdered 
samples containing paramagnetic ions 4°. 

The method of ENDOR involves the detection of induced nuclear spin transi- 
tions by measuring the concomitant changes in the intensity of the E P R  signals ob- 
served in the material of interest. The intensity of a partially saturated E P R  spectrum 
is affected by applying to the sample a variable frequency radio-frequency field which 
can induce nuclear spin transitions. The detailed mechanism by which the nuclear 
transitions affect the E P R  spectrum differs for w~rious materials. To understand 
ENDOR is to understand at least one of these mechanisms; therefore, the reader is 
urged to consult the literature on this subject (see for example ref. 41). A brief dis- 
cussion here will serve as an introduction to the phenomenon. 

For an E P R  line whose width is mainly caused by random static interactions 
with neighboring spins (inhomogeneous broadening) the concept of a "spin packet"  
is often used. The overall line shape is the envelope of the multitude of spin packets, 
with a line width parameter  AH (see Fig. I) which is not related to any relaxation 
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process but rather depends upon the distribution of local static magnetic fields pro- 
duced by the neighboring spins at the site in question. The individual "spin packet" 
is centered at an effective magnetic field H = hv/gfl with a line width 6H determined 
by a relaxation time T2(gfldH~~/z2) characteristic of processes which shorten the 
lifetime of the individual spin in any given quantum state and thus produce a broa- 
dening (called homogeneous broadening). These processes involve the high-frequency 

Fig. i. Spin packet inside the inhomogeneously broadened line (gf]OHN h/'~). 

(precessing) components of the magnetic fields of neighboring spins which set up an 
oscillatory field at the spin in question and induce magnetic resonance transtitions. 
in contrast, the static magnetic fields from these same spins do not shorten the life- 
time but merely shift the location of the resonance absorption in a manner 
similar to that produced by the use of an inhomogeneous magnet - -  hence the 
name inhomogeneous broadening for the latter. Clearly such inhomogeneous broaden- 
ing can obscure small hyperfine interactions which will thus go undetected in EPR;  as 
we shall see, these can be resolved in ENDOR. The resulting line shape from such inho- 
mogeneous broadening cannot be computed readily - -  a Gaussian distribution of field 
strengths is often used. Such inhomogeneous broadening is further compounded in the 
proteins studied here by the presence of "g strain" i.e. the iron site of each protein has 
a slightly different conformation which results in a distribution of g values and hence 
an apparent broadening of the EPR line which further obscures the hyperfine split- 
tings. Such a Gaussian shape function has been found to give an acceptable fit to the 
EPR "g-strain" distribution and will be assumed in the computer sinmlated EPR and 
ENDOR spectra presented in this paper. 

A second relaxation process of concern here is caused by the spin lattice inter- 
action. The populations of the various spin states along the applied magnetic field are 
determined by interactions with the applied microwave or radiofrequency field and 
with the structure (lattice) in which the spin system is embedded. In the absence of 
any applied radiation, the spin populations will assume a Boltzmann distribution 
determined by the vibrational and rotational temperature of the lattice. In the case 
of a solid, the thermal motions consist of lattice vibrations and cause time varying 
oscillatory magnetic fields at the various spin sites by the relative motion with respect 
to neighboring magnetic moments. Such processes cause the spin state populations to 
approach the thermal equilibrium distribution at a characteristic mean time, T1, the 
spin lattice relaxation time. These transitions occur by a variety of processes which, 
in general, result in a •1 which has a strong temperature dependence s in tile range 
from liquid-helium to room temperatures. This will be used to advantage in the 
ENDOR studies to follow. 

To make the above more specific let us consider these relaxation paths and the 
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phenomenon of ENDOR for a single unpaired electron (S = ~ )  interacting with a 
single nucleus (I = ½). For simplicity let us assume further that  there is an isotropic 
hyperfine (Fermi contact) interaction between these two particles. The Hamiltonian 
describing this system in an applied static magnetic field H is 

= ~ f l e .  H - - , un .H  + A " I ' S  

= + getSS'H - - g n f l n I ' H  + A "I" S 

where/~e = --geflS is the magnetic moment of the electron;/~n = gnflnI, the magnetic 

moment  of the nucleus; A, the hyperfine constant I ,  the nuclear spin" S, the electron 
spin; ge, the electron g factor; gn, the nuclear g factor;/~, the Bohr magneton;/~n, the 
nuclear magneton; and H, the applied magnetic field. The energies of this system are 
plotted in Fig. 2a as a function of the applied magnetic field H. In high field these are 
given by 

E + geflmsH - -  gn#mlH + Amlms  (2) 

I t  is convenient to display the four energy levels existing at some large fixed 
applied field, Ho, in the manner of Fig. 2b, where each level is labeled at the side by  
the electron spin quantum number, ms, and above by the nuclear quantum number, 
m i .  I t  is assumed that  A>~gnt~nH which is the case in these studies. The dotted lines 
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Fig .  2. (a) The  e n e r g y  l eve l  d i a g r a m  as  a f u n c t i o n  of H for an  S - -  1/2, I = I /2  s y s t e m  w i t h  I . S  
c o u p l i n g  (A ~ g n f l n H ) .  (b) T h e  e n e r g y  levels ,  r e ] a x a t i o n  p a t h s  a n d  a p p r o x i m a t e  B o l t z m a n n  
p o p u l a t i o n s  a t  a f ixed  a p p l i e d  m a g n e t i c  fie]d, (c) T h e  s a m e  as  (b) b u t  w i t h  t h e  ~ m s  ~ 72 [, m i  - -  
+ !~ t r a n s i t i o n  i n d u c e d  a t  a r a t e  W e > ~ I / r  1. (d) T h e  s a m e  as  (c) b u t  w i t h  t h e  zJ~ni = _-t- T, ms ~ + 
1~ t r a n s i t i o n  i n d u c e d  a t  a r a t e  W n >  l/Zx. 
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in Fig. 2b denote the principal relaxation paths (there are others), and the approxi- 
mate  thermal equilibrium population in each level is noted above the level. Tile 
relaxation rate at which direct nuclear transitions occur is denoted by I/Tn, the rate 
at which electron transitions occur by l /z,  and the rate at which cross-relaxation 
occurs by I/Zx. Most generally, ~, ~,~x "Q<~<'rn 37. 

From Fig. 2b it may  be seen that  inducing nuclear transitions (Am: --  ~ I ,  
Ares --  o) at hvn :5 will have a very small effect on the populations of these levels since 
the population ratio differs from unity initially by only half the nuclear hyperfine 
constant  divided by k T ( A e  - -  A / 2 k T ) ,  i.e. the Bol tzmann population ratio is small 
because A ~,ge/~H. On tile other hand, if one of tile electronic transitions (/Jms = ± i, 
Ami o) is saturated by exposing the sample to high microwave power the popu- 
lations of the affected levels will be equalized (with the remainder taking on a Boltz- 
mann distribution). The steady-state populations are those in Fig. 2c and the population 
ratio between the nuclear states (ms --  + ~.~, m l  - -  ~ ~/z) is now nmch larger. If the 
nuclear transition hvn + is now induced rapidly compared to I / r x ,  the population of 
the ms + ~.~, mi + 1//. 2 state is strongly affected because of ttle initial difference 
in the populations of the ms = + ~ ,  mi + ~./2 and the ms = + ~ ,  m: --  -- ~2 
states which are now equalized by the saturat ing nuclear transistions. This results in 
a pronounced increase in the power absorbed in the electronic transition (Ares = ± I, 
m, = + 1/,~) because the electronic difference population is now increased by  the nu- 
clear transition. (The power absorbed is proportional to the product  of three terms: the 
pc)pulation difference, the energy quan tum and the transition probabilities.) Thus the 
presence of the nuclear transition can be detected by observing a change in the power 
absorbed in the electron transition which is considerably larger than that  absorbed in 
the nuclear transition itself - -  this is the phenomenon of E N D O R  as it is effected by  
the creation of population differences. This process of changing the relative population 
differences of the two electron states by tile flipping of nuclear spins is called "packet  
shifting". 

Another  effect of the combined electron and nuclear transitions can be seen 
by the change wrought in the apparent  electron relaxation time. 

Fig. 2c shows that  for the E P R  transit ion noted (f/t I = @ ~,./) the effective 
relaxation rate between these two levels is determined primarily by the direct path 
(1/'171). This is shunted by the indirect path via the (ms + l/, 2, m x  - -  ~/'2) state 
which has an effective rate approximately I/'rn since "rn~/-'rx and hence the slower pro- 
cess (I/rn) controls the rate via this indirect path. The total effective relaxation be- 
tween the electronic states of Fig. 2c is thus I/rx + I/Zn. If on the other hand, the 
nuclear transition is induced instead as in Fig. 2d, the effective relaxation rate be- 
tween the nuclear states involved is by  the direct path (I/Zn) shunted by a much 
more effective indirect path via the (ms + 1~ ,  m i  - -  - 1~2 ) state at a rate approxi- 
mate ly  I/Z~ (since Zx>~r:). The effective relaxation between muclear levels is thus 
I/Zn + I/Zx which is dominated by I/Zx; thus, if the nuclear transition is to be effec- 
tive in changing the populations of the states it must  be induced at a rate Wn such 
that  Wn Zx)~ I (not just Wn "rn ~ I). Notice that  the inducing of the electronic transi- 
tion does not change this condition. However,  the inducing of the nuclear transition 
does change the effective relaxation between the electronic levels since it influences 
the relaxation rate via the indirect path ; if Wn >~ I/Tx then the electronic relaxation 
rate via the indirect path is determined by I/r~ (instead of I/Tn as in Fig. 2c). The 
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IRON ENDOR OF FERREDOXINS 117 

application of the nuclear resonance thus changes the effective electronic relaxation 
rate from I/Z~ + I/Tn (Fig. 2c) to I/r~ + I/rx (Fig. 2d); if the EPR signal is partially 
saturated, this change in the electronic relaxation rate will manifest itself as a change 
in the EPR signal amplitude. Thus the presence of the nuclear resonance absorption 
may be detected by monitoring the saturated EPR signal - -  this is again the pheno- 
menon of ENDOR but effected by the change made by the nuclear transition in the 
apparent electron relaxation time. 

We thus see two different mechanisms for the ENDOR process: (a) "packet 
shifting" and (b) a change in the apparent relaxation rates. There is still another me- 
chanism called "distant ENDOR" whereby nuclear transitions induced in nuclei 
which are suffciently far away from the unpaired electron as not to have any direct 
hyperfine coupling may perturb the electron states by the process of spin diffusion. 
Because this mechanism is of no direct importance for the iron ENDOR signals 
discussed in this paper, no further mention of this third mechanism will occur. 

A nisotropic g-and A4ensors 
It  is to be noted that for our simple model displayed in Fig. 2, the inducing of 

the second nuclear transition (hvn-) has a much smaller effect on the effective elec- 
tronic relaxation time for the EPR transition chosen. In fact, 6~/~ 1 ~ - zl/Zn for 
this case which is a much smaller change than that produced by the transition hvn +, 
so small that it probably would not be detected. 

mi 
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( , )  , 
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Fig. 3- The  ene rgy  level d i a g r a m  for  an  S !'.~, I = ~.~ s y s t e m  in a fixed mag n e t i c  field w i t h  ani-  
so t ropic  hyper f ine  coupl ing  a n d  the  Am8 = ± i, mi ~ + 1,~ t r a n s i t i o n  induced  a t  t he  ra te  We>~ 
1/71 and  e i ther  t he  A m i  = ± i, ms = + }~ or  t h e  A m i  = ~ t ,  ms  = - -  1/., t r a n s i t i o n  induced  a t  
wn>~x/*x or I/rx'. 

Fig. 4. A pred ic ted  ~TFe E N D O R  s p e c t r u m  for a single or ien ta t ion .  
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A more general  model  can be ob ta ined  by  allowing the g-and A-tensors  to be 
anisot lopic .  When  the hyperfine in terac t ion  is anisotropic,  t rans i t ions  between the 
m s  = + 1~, m i  = @ 1~ and ms = - -  ½ ,  ~lni = - -  L~  s ta tes  are allowed and a new relax- 
a t ion pa th  is c rea ted  with a character is t ic  re laxa t ion  t ime rx '  as shown in Fig. 3. This 
re laxa t ion  ra te  depends on the degree of anisot ropy.  Since the two nuclear  t rans i t ions  
now result  in fract ional  changes in the effective electronic re laxat ion  t imes  of 
d~h/T 1 - - ~ . -  r l /Zx and (5~1/r 1 ~ - -  "rl/~x', respect ively,  the result ing E N D O R  
signals will not  be equal  in general.  Wi th  the above in mind, a hypo the t i ca l  E N D O R  
spec t rum m a y  be const ructed  using Eqn.  2 to obta in  the  nuclear  t rans i t ion  frequencies 
as follows : 

hVn -+ - -  [ZJE(f/4s = i I / 2 )  1 

-- iE(ms -- :k 1/2, mi -- + I/2) - - E ( m s  -- ± 1/2, m I = -- I/2) l 

£_ ge~H gnflH 
2 2 

i - -  ~ - - + - - : F  
2 2 

AI 
- -  gn~H ± - -  (3) 

21 

wtfich shows tha t  two lines will be observed corresponding to the two values of rn~ 
and they  will be centered at  frequencies given by  the absolute  values of Eqn.  3- 
For  protons not  d i rec t ly  bonded  to the pa ramagne t i c  center,  gnfiH > A / 2  and a pair  
of lines centered at  gnflH and separa ted  by  A will be observed.  Fo r  5We in the nucleus 
of the pa ramagne t ic  site, A / 2  >~ g , f l H  and a pair  of lines centered at  A / 2  and sepa- 
r a t ed  by  2 gnt~H will result.  Fig. 4 d isplays  this l a t t e r  case for a realist ic set of para -  
meters  for one of the  iron sites in the  two-iron ferredoxins at  Ho - -  32o0 Gauss where 

gn,3Ho A 
- - - -  "" 0.45 MHz and - -  _ 21 MHz 

h 2h 

In the sys tems tha t  have anisotropic  g- and  A-tensors ,  the  spec t ra  would look 
exac t ly  like Fig. 4 for any  given molecular  or ien ta t ion;  however,  for a frozen solut ion 
of prote in  molecules, all or ienta t ions  are present  and the spec t ra  are compl ica ted  by  
this superposi t ion of spec t ra  from a va r ie ty  of or ientat ions.  Not  all or ienta t ions  con- 
t r ibu te  to the  E N D O R  spectra,  because the  g- tensor  is anisotropic  and hence not  all 
or ienta t ions  are undergoing E P R .  By  selecting the magnet ic  field one m a y  select 
molecules of var ious  or ienta t ions  to undergo E P R  and hence E N D O R ;  thus  i t  is 
possible to obta in  the values of the components  of the  effective A- tensor  along the 
pr incipal  axes direct ions of the g-tensor.  I t  will be shown tha t  it  is possible to decide 
from the na ture  of the  resul t ing E N D O R  spect ra  whether  or not  the A- tensor  pr incipal  
axes are coincident  wi th  the g- tensor  pr incipal  axes. If  they  are coincident  i t  is tri-  
v ia l ly  simple to ob ta in  the A- tensor  pr incipal  axis values d i rec t ly  from the E N D O R  
spect ra  of the amorphous  sample  wi thout  the  need for obta in ing  single crysta ls  of the  
protein.  If  the  axes are not  coincident,  the task  of obta in ing  the pr incipal  axis A-values  
is more compl ica ted  and a compute r  p rogram is required.  
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E P R  spectral  syn thes i s  

The synthesis of E P R  spectra for amorphous samples has been discussed by  
several authors 42-a7 (see also the references in ref. 48). In  brief review, for spin !.; 
systems the resonance condition is given by 

hvo ~13H (4) 

where Vo is the applied microwave frequency, g is the electron g-factor, fl is the Bohr 
magneton and H is the applied magnetic field. For  a magnetic field applied at tile 
Euler angles fl, 7 with respect to the molecular g-tensor principal axes as shown in 

Fig. 5. 

g : (gx2sin2flcos2y + gySin213sin2~ + gz2COS213) 1/2 (5) 

If all molecular orientations are equally likely then the number  of molecules having 
a magnetic  field oriented at angles between fl and f i t  dfl, 7 and 7 + d 7 ,  is given by the 
solid angle at these orientations; i.e. 

d N  -- Nosin13dfld 7 (6) 

Eqns. 4 and 5 may  be solved for the magnetic field values at which these molecules 
undergo resonance absorption. The number  of molecules absorbing at magnetic field 
values between H and H + dH is given by d N / d H .  An analytical expression may  be 
obtained from Eqns. 4 and 5 relating sinfldfld 7 to H and dH. These expressions are 
given by several authors 42-46 and are plotted versus applied magnetic field as dot ted 
lines in Fig. 6 for a specific set of parameters. 

ZJ i i 

"I 

H z fl,v I~x H~" 

Fig. 5- Tile orientation of the applied magnetic field, H o, with respect to the g-tensor principal axes 
on the molecule in terms of Euler angles t3 and 7- 

Fig. 6. A calculated integrated EPR absorption spectrum resulting from an amorphous sample 
with H z <  Hu< Hx where Hi -- hvo/g~fl. The dotted lines represent dN/dH, the number of mole- 
cules with an absorption center occuring between H and H + dH, and the solid curve is the actual 
absorption curve resulting from a Gaussian absorption spectrmn for each molecule. 

Notice tha t  H x  = hvo/gxfl is the magnetic field value at which molecules having 
their g-tensor x-axes collinear with the applied field will absorb microwave power, 
i.e. undergo E P R .  Likewise, Hz = hvo/gzfl is the magnetic field value at which mole- 
cules having their g-tensor z-axes collinear with the applied field will absorb; since 
H~ < Hu < Hx by  assumption, H u = hvo/gvfl is the magnetic field where not only 
molecules with their y-axes aligned collinear with the field will absorb but  also mole- 
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12o j.  FRITZ el a l  

cules of a large number  of other  or ienta t ions  (such tha t  g ~ gy for those orientat ions)  
will absorb.  This is the  reason for the much grea ter  in tens i ty  at  H v. 

To obta in  the  ac tua l  absorpt ion  spec t rum it  is necessary to plot  the  spectra l  
in tens i ty  versus  magnet ic  field where the  absorpt ion  line shape for each or ienta t ion  is 
mul t ip l ied  by  the t rans i t ion  p robab i l i ty  at  t ha t  or ienta t ion  and the number  of mole- 
cules having  t ha t  or ientat ion.  This is most  easily accomplished by  use of a compute r  
in the  cases where the  t rans i t ion  probabi l i t ies  or line shapes differ m a r k e d l y  with  
or ienta t ion.  Fur the rmore ,  when one or more hyperfine in terac t ions  are present  a 
compute r  s imula t ion  is a lmost  a necessity.  No de ta i led  descr ipt ion of our E P R  pro-  
g ram will be given because compute r  a lgor i thms to fit E P R  spec t ra  are now a b u n d a n t  
in the  l i te ra ture  ~2-47 (see also the  references in ref. 48). If one includes the hyperf ine 
in teract ions  from two non-equivalent  iron a toms  bu t  t rea t s  the l igand hyperf ine and 
"g-s t ra in"  by  using a Gaussian line shape of var iable  wid th  i t  is possible to ob ta in  
a reasonably  good fit to all of the  ferredoxin spectra.  This is of some impor tance  
because the  result ing E N D O R  spectra l  synthesis  is sensi t ive to the  E P R  lineshape.  
The E N D O R  spectral  synthesis  is used to ex t rac t  the  A- tensor  pr incipal  axis values 
from the E N D O R  da ta ;  hence the l ineshape fit to the  E P R  d a t a  is essential.  Fig.  7 
shows the E P R  compute r  fit for adrenodoxin.  This fit employs  the  pa ramete r s  ob- 
ta ined  from the E N D O R  studies (Table I) and  will be discussed later .  

t20 G t 

/ 

I I 
3245 3389 

H (Gouss)--,.- 

Fig. 7. The experimental L---) and synthesized ( ) EPR spectra for reduced (top) 56Fe and 
(bottom) 91.5 % enriched 5~Fe reconstituted adrenodoxin. The calculated spectra result from the 
parameters in Table I and Gaussian line shapes of widths 8.1, 9-4 and 5.6 Gauss with the field along 
the x, y and z-axes, respectively. 
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122 j .  FRITZ el al.  

ENDOR from amorphous samples 
It is possible to use the anisotropy in the electron g-factor to select molecules of 

a given set of orientations to undergo ENDOR~9; a brief discussion follows of how this 
may be done. 

Tile comparison of Figs. 5 and 6 shows that by setting the magnetic field at some 
value between Hx and Hz, only those molecules having a specific set of orientations 
will be undergoing EPR. By choosing this field, the set of orientations may be chosen; 
e.g. if the magnetic field is set below Hz (assuming Hz > Hy > H~) then primarily 
only those molecules whose z-axes are aligned along the applied field will be under- 
going EPR. Similarly, if the field is set above Hx, primarily those molecules whose 
x-axes are aligned along the field will be undergoing EPR;  if we set the field at H v 
(between Hz and Hz) molecules of many orientations will be contributing to the EPR 
spectrum in addition to those molecules whose y-axes are along the applied field. By 
keeping track of which molecular orientations are contributing to the EPR and 
hence ENDOR it is possible to simulate the ENDOR spectrum and by comparison 
with the experimental spectrum to obtain the components of the A-tensor. The details 
of the ENDOR spectral synthesis employed here will be published elsewhere '~°. 

Instrumentation 
The basic ENDOR instrument is nearly the same as that described by HYnI~ 

AND MAKI as and HYDE ag, and the reader is referred to these papers for details. The one 
major difference is that the magnetic field modulation (at 47 Hz) is approximately 
square-wave rather than sinusoidal. This was an essential change which results in an 
ENDOR spectrum from only one magnetic field setting (the other being chosen off tile 
EPR resonance absorption when possible). When tile EPR signal is isotropic as in the 
case of free radicals in solution as studied by HYDE AND MAK1 a8 and H','DE au, the 
sinusoidal modulation presents no problem; however, when the EPR spectrmn is 
anisotropic, the sinusoidal modulation yields ENDOR spectra from a continuum of 
magnetic field values and hence molecular orientations and thereby greatly compli- 
cates the spectral interpretation. 

In brief, the instrument consists of an X-band homodyne EPR bridge with 
a separate bias arm to permit linear operation from 3/zW to 300 mW incident on a 
Varian Model V4533-Cylindrical EPR Cavity operating in the TE011 mode. The sample 
is placed in a 3-ram internal diameter, 4.3-mm outer diameter quartz tube which 
rests inside a quartz dewar insert. The radio-frequency field to induce the nuclear 
transitions is applied perpendicular to the d.c. applied field by coils external to tile 
microwave cavity. The helical wound side walls of tile cavity permit the radio fre- 
quency field to penetrate to the sample. To avoid serious overheating of the micro- 
wave cavity this radio-frequency field is applied as a pulse train. The pulse width is 
18 #sec and the pulse repetition rate is 6 kHz. Alternate pulses are at slightly different 
frequencies, f a n d f  + A f, to permit automatic tracking of a voltage variable oscillator 
to the mechanically swept amplifiers. The frequency modulation, A f, is chosen to be 
smaller than the ENDOR linewidths so that it produces a negligible effect as far as 
ENDOR is concerned. All spectra displayed in this paper were taken with Af < 20 kHz. 

The power amplifiers contain four tuned circuits. Three of these are tracked and 
mechanically swept by a stepping motor which is pulsed at rates yielding appropriate 
frequency sweep rates (usually 3 ° kHz/sec when using I-sec integrating times). The 
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IRON ENDOR OF FERREDOXINS 123 

fourth tuned circuit is in the final output stage (cavity coils and vacuum variable 
capacitor) and is tracked by a motor deriving its drive from a phase detector moni- 
toring the 3-kHz component of the rectified output, thereby forcing the final stage to 
tune midway between f and f + zlf at all times. For the spectra displayed in this pa- 
per, the rotating radio-frequency field amplitude was typically 5 Gauss and this was 
held constant across the frequency scan by manual adjustment of the plate voltage 
on the final power stage. 

The output from the E P R  bridge is amplified and serially phase detected at 6 
kHz and 47 Hz as discussed by HYDE AND MAKI as and HYDE 39. This results in an inte- 
gral ENDOR signal display. The amplitude of the square-wave magnetic field modu- 
lation is typically 60 to 12o Gauss. The output of the 47-Hz phase detector is dis- 
played on the y-axis of a X - Y  recorder. The X-axis of the recorder is swept coherently 
with the variable frequency oscillator by a digital-to-analog converter which is driven 
in turn by a digital frequency meter tracking the oscillator. 

RESULTS 

The E P R  spectrum of the two-iron ferredoxin from pig adrenal cortex enriched 
with 5We and diluted in 2H20 is displayed in Fig. 7. Notice the 1:2:1 hyperfine struc- 
ture around Hz which has previously been interpreted as showing the near equality of 
the two iron A-values 32. This latter interpretation will be examined later in the light of 
ttle ENDOR results. The synthesized spectra do not match perfectly with the experi- 
mental spectra - -  this is presumably caused by the use of Gaussian line shapes which 
is incorrect as can be seen by comparing the calculated and experimental spectra in 
the wings. No at tempt  was made to obtain a better line shape function. 

When the magnetic field and square-wave modulation are set at the condition 
for d~tecting those molecules whos~ g-tensor z-axes are along the applied magnetic 
field (position A, Fig. 7) the ENDOR spectrum displayed in Fig. 8a is obtained. The 
signals from 8 to 19 MHz occur in pairs (of unequal intensity) centered around 13. 5 
MHz which is the free proton frequency. This characterizes these signals as being due 
to protons. Since they persist in 2H20 solution they presumably arise from non- 
exchangeable protons on the protein located near the', iron site - -  these resonances will 
be the subject of a later communication. Between 2o and 25 MHz is an ENDOR ab- 
sorption showing a doublet separated by approximately o. 9 MHz and centered at 21.5 
MHz together with a long absorption tail extending to higher frequencies. This separa- 
tion is just twice the 57Fe free NMR frequency - -  this fact plus tile additional vanishing 
of this signal in the 56Fe reconstituted protein (cf. Fig. 9 a) establishes this signal as due 
to ~TFe. 

When the magnetic field is increased to Ha.= hvo/ga.fl (position B, Fig. 7) 
to detect molecules where the  applied magnetic field is in the x y  plane of the g-tensor 
principal axis system, the ENDOR spectrum of Fig. 8b is obtained. Here again the 
signals occurring between 8 and 2o MHz and centered around 14 MHz (the new free 
proton NMR frequency in this higher magnetic field) may be interpreted as due to 
protons. The absorption between 23 and 29 MH may be attr ibuted to iron (cf. Fig. 9b). 
Notice that  these are at higher frequencies than the signals attr ibuted to iron at He 
(Fig. 8a). In fact, the position of these signals may be followed as the field is incre- 
mented and hence the sampled molecules made to pass continuously from those for 
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which the field is along the z-axis of the molecules g-tensor to those for which the field 
is in the x y  plane. 

Fig. 9 is an enlargement of the iron ENDOR region and shows a comparison 
of the ENDOR spectra obtained from pig adrenodoxin with 5We and 56I~e respectively, 
substituted in the iron site. It  is clear from a comparison of these spectra that the 
ENDOR signals in the 571:e (I = ~;) sample are absent in the ~Fe (I -- o) sample, 
thus positively identifying them as due to 57Fe. 

i i i i i i i J ' 2'o 2a 24 2'6 28 io 6 s ~0 aa ~,~ Js .~8 20 22 24 as as 3o 

MHz MHz 

Fig. 8. The E N D O R  spectrum observed for reduced adrenodoxin in 2H20 at 19 K and (top) with 
the applied field set at position A, Fig. 7, so as to select molecules with the a-axes aligned along the 
magnetic field and (bottom) with the magnetic field set at position B, Fig. 7, so as to select mole- 
cules with orientations such tha t  the magnetic field is somewhere in the x-y-plane of the mole- 
cular g-tensor principal axis system. 

Fig. 9. The E N D O R  spectra at 19~K for reduced adrenodoxin in ~H2(), reconsti tuted with '~71;e 
(upper trace) or 5~Fe (lower trace) with the magnetic field set at (a) Hz and (b) H.L. 

When the ENDOR signals occurring between IO and 2o MHz (cf. Fig. 8) for tile 
~TFe and 58Fe substituted proteins are carefully compared at lower temperatures and 
higher microwave powers there are small but real differences observed. These are 
shown in Fig. IO. All difference spectra are obtained by slightly adjusting the spectro- 
meter gains to give equal EPR intensities for the 5We and 56Fe EPR spectra, respec- 
tively. The ENDOR baselines were set equal at frequencies where no ENDOR was 
expected. Fig. Ioa displays the spectra obtained when the molecules whose z-axes are 
aligned along the magnetic field are selected for observation by appropriate choice 
of the applied field. Note the clearly discernible difference in intensity centered at 
17. 5 MHz in addition to the low-frequency portion of the previously identified 5Te 
ENDOR signal at 21 MHz. This new signal has a width approximately equal to twice 
the 57Fe NMR frequency and is apparently attributable to 57Fe also. In addition, there 
is a smaller but reproducible difference centered around 13 MHz which must be sus- 
pected as being due to SWe. To test conclusively that these difference signals are direct 
5We ENDOR signals it was necessary to change the microwave resonant frequency of 
the cavity and thus the value of the applied magnetic field at which the free proton 
NMR occurred. If the signals moved with the applied field they were apparent!y due 
to protons whose T 1 was affected by the STFe substitution and if they stayed at tlle 
same ENDOR frequency they could be properly interpreted as 57Fe ENDOR signals 
from another iron site in the protein. Fig. I I  displays the result obtained from this 
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lO 12 14 t ~  

a 

b 

MHZ 

Fig. ]o. The E N D O R  spect ra  a t  13~'K and v 0 --  925 ° MHz f o r  redt lced ad rencdox in  in ~I-t20 
r econs t i t u t ed  withS~Fe (upper trace) or ~6Fe (lower trace) wi th  the  magne t i c  field set  a t  (a) Hz, (b) 
H_L t 6 gauss and  (c) H.L. The difference spec t rum a t  each field se t t ing  is p lo t t ed  on a reduced 
scale in the  upper  left. 

~0 1T lk 18 
MHZ 

18 20 

Fig. [ i .  The E N D O R  spec t ra  a t  13°K and v0 io  ooo M I I z  for reduced ad renodox in  in 2H~O, 
r econs t i t u t ed  wi th  STFe (upper trace) or 56Fe (lower trace) wi th  the  magne t i c  field set  a t  Hz. 
The difterence spec t rum is p lo t t ed  every  0.5 MHz on a reduced  scale in the upper  left. This  is to  
be compared  wi th  the  spec t ra  in Fig. l ea .  
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experiment. Notice that the difference spectrum at 17. 5 MHz remains stationary and 
is thus attributable to a second 5VFe ENDOR signal whereas the difference spectrum 
at 14 MHz has moved with the proton signals and is thus attributable to the effect 
of changing the proton relaxation times by the introduction of ~We*. Referring again 
to the spectrum in Fig. Ioa, it is now possible to interpret the I7.5-MHz line as due 
to a second iron site. Fig. Iob displays the ENDOR spectra obtained for awe and aGFe 
substituted proteins with the magnetic field set at H± - 16 Gauss. Notice that the 
difference spectrum has shifted to lower frequencies. Similarly, Fig. IOC displays the 
ENDOR spectra when the magnetic field is set at H± ; again, the difference spectrum 
is shifted to still lower frequencies. This frequency dependence of the a t e  difference 
spectra can be followed continuously as the selected orientations move continuously 
from those for which the field is along the z-axis of the g-tensor to those for whici, 
the field is in the x-y plane of the g-tensor principal axis system. 

-~-- '~0 12 I ' -  ' - -  

b 

MHz 

20 .22 24 26 28 30 

e i 

20 22 24 26 28 30 
MHZ 

Fig. i2 .  The  E N I ) O R  s p e c t r a  a t  i 3 ~ I (  a n d  v 0 = 9250 M H z  for  r e d u c e d  p u t i d a r e d o x i n  in 2H2() 
r e c o n s t i t u t e d  w i t h  aVFe (uppe r  t race)  or  5°Fe ( lower  t race)  w i t h  t he  m a g n e t i c  f ield se t  a t  (a a n d  d) 
He, (b) H I  - 3~ G a u s s  a n d  (c a n d  e) H i . 

Fig. 12 shows a similar set of ENDOR spectra obtained for a6Fe and ~TFe 
substituted putidaredoxin in the 6-3o-MHz region. Fig. I2a displays the spectra ob- 
tained when the magnetic field is set so as to select molecules whose z-axes are aligned 
along the applied field. Note the difference spectrum centered again around 17. 5 MHz 
which can be attributed to 57Fe. Fig. I2b shows the spectra obtained when the mag- 
netic field is set at Hx - - 3 1  Gauss to select molecules of orientations intermediate 
between having the field along the z-axis and having it in the x y plane; here, the 
difference spectrum has shifted to lower frequencies. Similarly, Fig. I2e shows the 

* S e e  N O T E  A D D E D  IN P R O O F  o n  p .  1 3 2 .  
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ENDOR spectra obtained when the magnetic field is set at H± to select those mole- 
cules where the magnetic field is in the x-y  plane. The difference spectrum has shifted 
to still lower frequencies and is broad. Fig. I2d displays the extension of the ENDOR 
spectrum of the ~Te shown in Fig. I2a with the magnetic field chosen to select mole- 
cules with their z-axes along the field. The corresponding ~6Fe spectrum shows no 
absorption. The pair of lines centered at 21. 5 MHz and separated by 0. 9 MHz is 
indicated by tile arrow and may be attributed to STFe. Fig. I2e displays the extension 
of the 57Fe spectrum shown in Fig. I2C with the magnetic field chosen so as to select 
molecules where the magnetic field is in the x-y  plane. Note the two pairs of lines cen- 
tered at 25 and 28 MHz indicated by the arrows; these will later be identified with 
the principal axis values of the hyperfine tensor in the x-y  plane. The absorption at 20 
MHz is a proton line. 

Fig. 13 displays the ENDOR spectra in the IO-3o-MHz region obtained from 
the 56Fe and 57Fe substituted two-iron ferredoxin from parsley. Fig. I3a displays the 
spectra obtained when the magnetic field is set so as to select molecules whose z-axes 
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Fig. 13. The E N D O R  spectra at 15 ° K and v 0 = 925o MHz for reduced parsley ferredoxin in 2H20 , 
reconsti tuted with SVFe (upper t race  or single trace) or SSFe (lower trace) and with the magnetic 
field set at (a and c) Hz, (b) Hz + 31 Gauss and (d) Hx. The difference spectra in (a) and (b) are 
plot ted on a reduced scale in the upper  left. 

are aligned along the applied magnetic field. Note the difference spectrum again cen- 
tered around 17. 3 MHz which can be attributed to 57Fe. Fig. I3C displays the second 
57Fe absorption obtained at the same magnetic field setting for these molecules and 
this is centered at 22 MHz. This latter absorption does not display the doublet charac- 
ter of the corresponding absorptions for the adrenal and putida proteins and this 
fact will be explained later. Fig. I3b shows the difference spectra obtained with the 
magnetic field set at Hz +31 Gauss - -  the difference spectrum decreases and stretches 
to lower frequency. When the magnetic field is set still closer to H v or Hx no difference 
spectra can be detected in the 6-2o-MHz region. With the magnetic field set at Hx to 
select molecules whose x-axis is along the applied field, the spectrum in Fig. i3d is 
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obtained.  Note  the double t  once again.  When  the magnet ic  field is moved cont inuous-  
ly from Hz to Hx tile resul t ing spec t ra  move cont inuously  from tha t  of Fig. I3b  to 
tha t  of Fig. I3d  showing tha t  these spec t ra  belong to the  same iron site. The difference 
spec t rum in Fig. I3a  is p resumably  from the other  site. 

F ina l ly ,  the  E N D O R  spect ra  for the a6Fe and awe subs t i tu ted  two-iron ferre- 
doxin from spinach are d i sp layed  in Fig. 14. When  the magnet ic  field is set at  Hz to 
select molecules where the appl ied  magnet ic  field is along the z-axis the spec t ra  in 
Figs. I4a  and I4C are obtained.  Again  there is a difference spec t rum centered at  17. 7 
MHz and  a second absorpt ion  in the  5We sample  centered at  22 MHz. Ju s t  as for the 
pars ley  prote in ,  there  is no discernible double t  s t ruc ture  in the  absorpt ion  at  22 MHz;  
however,  when the magnet ic  field is changed to H z + 3 I  Gauss  the spec t ra  d i sp layed  
in Figs. I4b  and i 4 d  are obtained.  Notice  the double t  appear ing  at  21. 5 MHz together  
with the  absorp t ion  ta i l ing to higher f requency and also the difference spect ra  in the 
IO-2o-MHz region which is get t ing weaker  and possibly  moving to lower frequencies. 
This same behavior  is observed in the pars ley  protein.  As the magne t ic  field is moved  
to higher  values  the  difference spec t rum disappears  in the 6 -2o-MHz region but  the  
5Te  spec t rum in the 2o 3o-MHz region persists.  These spec t ra  are d i sp layed  in Figs. I4e 
and I4f for the  field set at  H z + 6 2  Gauss  and H~c, respect ively.  The double t  first seen 
in Fig. I4d  at  21. 5 MHz persists  and  an addi t ional  double t  appears  at  25 MHz when 
the magnet ic  field is set at  H z + 6 2  Gauss (Fig. I4e ). When  the magnet ic  field is in- 
ceased to Hz, only the double t  at  25.5 MHz remains  (Fig. i4f  ) . 
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Fig. 14. The ENDOR spectra at I5°I( and v 0 ~- 925o MHz for reduced spinach ferredoxin in -°H2(), 
reconstituted with '~Fe (upper or single trace) or a61~'e (lower trace) and with the magnetic field set 
at (a and c) Hz, (b and d) Hz + 31 Gauss, (e) Hz + 62 Gauss and (f) Hz. The differeT~ce spectra in 
(a) and (b) are plotted on a reduced scale in the upper left. 
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DISCUSSION 

The first conclusion which can be reached from these E N D O R  studies is tha t  
there are two clearly distinct iron sites in each of these proteins. This can be seen by  
examining the spectra taken with the magnetic field set to select molecules whose 
z-axes are aligned with the field (Figs. 9 a and Ioa  for the ferredoxin from adrenal 
cortex, Figs. I2a  and I2d  for tha t  from P. putida, Figs. I3a  and I3C for parsley ferre- 
doxin and Figs. I4a  and I4C for spinach ferredoxin). These spectra show 57Fe absorp- 
tion occurring at approximately 17. 5 and 21. 5 MHz. These absorptions cannot be 
a t t r ibuted to the same iron site since they are separated by  more than twice the iron 
nuclear Zeeman frequency and the iron has no nuclear quadrupole moment  which 
could be responsible for this splitting. The only interaction tha t  can account  for 
E N D O R  signals in this frequency range is a hyperfine interaction with the net  
electronic spin. The E P R  spectra (cf. Fig. 7) from adrenal cortex and P. putida ferre- 
doxins demand two iron atoms with nearly equal z-components of their hyperfine 
tensors (Az) of approximately 4 ° MHz. These E N D O R  spectra may  be interpreted 
as coming from two iron atoms, one with Az = 35 MHz and the other with Az = 43 
MHz (the corresponding E N D O R  signals are centered about a frequency at Ad2 
since the electronic spin is quantized by  the electron Zeeman interaction to be along 
the applied field). Fig. 7 displays a computer  fit to the previously published E P R  
spectrum assuming two inequivalent iron atoms having the A-tensors measured here 
(see Table I). Because the z-components of the A-tensor of the two iron atoms are 
within' -" ~uo- o/..o of one another, a i : 2 : i triplet is observed at Hz even though the two iron 
atoms are markedly non-equivalent as will be seen below. As the magnetic field used 
in the E N D O R  instrument is changed to select molecules having different orientations 
with respect to tha t  field, the resulting E N D O R  spectra can be compared with com- 
puter  simulated spectra and the corresponding x- and y-components  of the hyperfine 
tensors for each iron site can be deduced. The results are discussed below. 

The second conclusion is tha t  the iron atoms are interacting with an electronic 
system having a net spin of one-half (S -- J;). That  S !~ can be seen by not ing 
tha t  the E N D O R  lines occur centered about  A/2 (cf. Figs. 9 a, I2d, I3d and I4f ). Where 
the multiplicity can be resolved, the separation of the lines is just twice the nuclear 
Zeeman frequency for a t e  as shown in Fig. 4, thus providing additional confirmation 
that  they are due to STFe. 

The third conclusion concerns the relative orientations of the A- and g-tensors 
for each iron site. This information is hidden in the da ta  and to extract  it requires a 
close comparison of the data  with computer  simulations. The first clue that  the A- 
and g-tensor principal axes are not coincident can be seen in the comparison of Figs. 
I4C and I4d  for the spinach protein. When the magnetic field is set to select mole- 
cules whose g-tensor z-axes are along the field, no doublet is observed (Fig. I4C ) 
indicating tha t  there is a distribution of A-values, or rather tha t  the A-value depends 
strongly on orientation. Since a distribution of orientations is always observed, due 
to finite E P R  linewidths and "g-strains", there is a concomitant ly  large distribution of 
A-values. This last situation will be true if the A-tensor axes are rota ted with respect 
to the g-tensor principal axes. Contrastingly, if the A-tensor ellipsoid has the same 
principal axes as the g-tensor ellipsoid, the variat ion of A with orientation about  one 
of the principal axes will be small hence a "single" A-value will be observed for all 
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orientations resulting in a resolved doublet. Such doublets are always observed when 
tile magnetic field is adjusted to select molecules whose g-tensor x-axes coincide with 
the applied field (@ Figs. I3d and I4f), hence it may be concluded that  for the spinach 
and parsley proteins the A- and g-tensor x-axes are nearly coincident (within 15°, 
according to computer simulations). 

Fig. 15 displays the computer simulations (dotted lines) which provided the 
best fit to the ENDOR spectra for iron site No. 1 in spinach ferredoxin. These are to 
be compared with the data of Figs. I4C, I4d, I4e and I4f (solid lines in Figs. I5a, I5b , 
I5C, and I5f, respectively). The reader's attention is called to Figs. I5a and I5b where 
the doublet does not appear at Hz but does appear at Hz-~-3 1 Gauss. This doublet 
centered at 21. 5 MHz indicates the principal axis value Az' to be 42 MHz with the 
z'-axis tilted from the z-axis of the g-tensor by approximately 3 °o - -  this 3 °° rotation 
is about the coincident x-axes of the A- and g-tensors as indicated above. A similarly 
assumed rotation of the A-tensor with respect to the g-tensor gives a good fit for 
parsley. In this computer simulation it was necessary to adjust the values for Az, 
Au' and A / a s  well as the Euler angles describing tile A- and g-tensor relative orien- 
tation to obtain a best fit. I t  must be noted that  this agreement between theory and 
experiment is amazingly good everywhere but at Hz + 12o Gauss (Fig. I5d). Close 
to this field value the computer program develops a well resolved doublet centered at 
25 MHz which is not seen in the corresponding data. We have no explanation of this 
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Fig. 15. A compar i son  of the  expe r imen ta l  ( - -  ) and  c o m p u t e r  s imula ted(  . . . .  ) E N D O R  spec t ra  
for reduced 57Fe recons t i tu ted  sp inach  ferredoxin in the  2o-28-MHz region (site No. ~) wi th  the  
magne t i c  field set  a t  (a) Hz, (b) H~ + 31 Gauss ,  (c) Hz + 62 Gauss ,  (d) Hz + 12o Gauss ,  (e) Hx  
ioo Gauss  and  (f) H~. 
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discrepancy which we can prove conclusively; nevertheless, it is our feeling that the 
rotation of the A-tensor axes relative to the g-tensor axes presented here is basically 
correct. The resulting parameters, together with the extremum error flags are tabu- 
lated in Table I, where the A-values tabulated for iron site No. I are the principal 
axes values. For the spinach and parsley proteins these A-tensor principal axes for 
site No. I are rotated with respect to the g-tensor principal axes by a rotation of 3 °0 
about the coincident g- and A-tensor x-axes. For the adrenal cortex and P. 2butida 
proteins the A-tensor and g-tensor z-axes for site No. I are coincident or nearly so 
and because this z-axis is the g-tensor axis of symmetry no rotation about this axis 
has any physical significance - -  thus the g- and A-tensors for the seproteins may be 
assumed coincident. Notice, however, that there are two principal axis A-values in the 
x-y plane of the g-tensor, labeled A± and A i '  indicating that there is not an axis of 
symmetry for the iron site No. I in these proteins despite the fact the g-tensor is 
axially symmetric. The errors in these two values are indicated by -L and T ,  respec- 
tively, in Table I, which is meant to imply that if A± is error by a positive (+) incre- 
ment then A±' must be corrected by a negative ( - )  increment or vice versa. The poor 
signal-to-noise for the ENDOR signals of iron site No. 2 does not permit the relative 
orientations of the g- and A-tensors for this site to be determined, hence the A-values 
tabulated are "effective" A-values for this site assuming a set of axes such that the 
z-axis is along the g-tensor z-axis and the other axes are somewhere in the x-y plane 
of the g-tensor principal axes. 

CONCLUSIONS 

From these data it is evident that each protein contains two highly non-equi- 
valent iron atoms, each having a sizeable hyperfine interaction with the net electronic 
angular momentum (S = ~) in the reduced state. Detailed information about the 
hyperfine tensors results from these ENDOR studies. 

By employing these measured A-values in the computer simulated M6ssbauer 
spectra 25 in Paper II, it will be shown that iron site No. I corresponds to a high spin 
(S = 5/2) ferric (FelII)) atom and iron site No. 2 to a high spin (S -- 2) ferrous (FelI)) 
atom, antiferromagnetically coupled to form a net spin one-half (S = !..',) system. For 
such a system it is possible to express the effective A-values for the complex in terms 
of the actual A-values for the individual atoms and hence to ascertain tile degree of 
covalency for each iron atom and to demonstrate the consistency of these measured 
A-values with such an interpretation. This will be done in Paper II. Suffice it to say 
that these measured effective A-values are essential to obtaining a unique fit to the 
M6ssbauer spectra and hence this paper precedes the M6ssbauer work to follow. 
The analysis of the M6ssbauer data permitted by these measured A-values will allow 
us to conclude the location of the reducing electron and its role in the determination 
of the molecular paramagnetism. 

The presence of the proton ENDOR signals (shown in Fig. 8) allows for the possi- 
bility that these protons can be located with respect to the complex. The interpre- 
tation of these signals is proceeding along with efforts to detect other ligand A-tensors 
and the results will be reported at a later date. 
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NOTE A D D E D  IN PROOF: (Received September 7th, 1971 ) 

We have since discovered that the 5qre sample was reconstituted in 2H20 
whereas the STFe sample was reconstituted in ~H20 and later placed in 2H20. This 
could account for the observed differences in this proton spectra. 
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