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Both molybdoferredoxin and azoferredoxin exhibit KPR signals. Reduced azo-
ferredoxin has a ¢ = 1.94 type signal characteristic of nonheme iron proteins. Re-
duced molybdoferredoxin has KPR signals with g-values of 2.01, 3.78 and 4.27. This
resonance appears to be due to an antiferromagnetically coupled system of iron atoms
with an effective spin of 34 which has been subjected to both axial and rhombic dis-
tortions of the crystal field.

Oxidation of azoferredoxin with ferricyanide results in the disappearance of the g
= 1.94 type signal and replacement by an isotropic line at g ~ 2.0. The EPR signals
observed on oxidation of molybdoferredoxin depend on the extent of oxidation. The
intensity of EPR lines at ¢ = 3.78 and 4.27 decreases on oxidation and the signal is
finally replaced by a single line at ¢ = 4.0. The changes at high field on oxidation are
more complex and three types of signals are observed. At a ferricyanide:protein ratio
of 5:1, an isotropic line (I), superimposed on the ¢ ~ 2.01 signal is observed. With a
ratio of 20:1 the intensity of I decreases to a negligible amount, but now three new
signals at g values of 1.76, 1.90 and 1.98 appear; they are part of rhombic trio (Species
R). Excess ferricyanide reduces the intensity of R species, but produces an axial EPRR

spectrum (A species) with g1 = 2.00 and ¢y = 2.09.

The fundamental importance of biologieal
dinitrogen fixation has led to an intensive
research effort in a number of laboratories.
Studics have been focused mainly on the
nitrogenase complexes from Azotobacler vine-
landii, Clostridium pasteurianum. and soy-
bean nodules. Nitrogenase has been found to
congsist, of two distinet protein components,
azoferredoxin (e protein) and molybdo-
ferredoxin (Mo-Fe protein), and these pro-
teins have been purified from both C. paste-
wrignum and A. vinelandii. Azoferredoxin
from C. pasteurianum is a dimeric nonheme
iron-sulfur protein of molecular weight
55,000 containing four iron atoms and an
equivalent amount of labile sulfide (1).
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Molybdoferredoxin consists of two types of
subunits with molecular weight of 59,500
and 50,700, respectively (2, 3). In solution
the protein exists as a tetramer with a molec-
ular weight of 220,000 (3). The protein com-
ponents from A. vinelandit (4) and Klebsiella
pneumonzae (H) are quite similar in their
physiochemical characteristics to those puri-
fied from C. pastewrianum.

Although some basie details of the redue-
tive process have been established, there is
no understanding of cither the role of the
metal ions or the nature of interaction of
various substrates and ATP with these pro-
teins. This communication is the first in a
scries of papers deseribing experiments de-
signed to gain insight into the nature of ATP
and substrate interaction with the metals
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present in molybdoferredoxin and azofer-
redoxin and reports on some of the EPR?
characteristics of the isolated proteins.

MATERIALS AND METHODS

Molybdoferredoxin and azoferredoxin were
purified by the procedure of Mortenson (6) modi-
fied to increase the resolution of the final DEAE-
cellulose chromatography (7). The purity of the
proteins was checked by the SDS dise electro-
phoresis procedure of Nakos and Mortenson (1, 2)
and the activity was measured using the acetylene
reduction assay (7); molybdoferredoxin and
azoferredoxin had acetylene reducing activities of
2300 and 2200 nmoles/min/mg protein, respec-
tively. Molybdoferredoxin contains 2 molybdenum
and 22-24 iron atoms/220,000 g protein; azofer-
redoxin contains 4 iron atoms/55,000 g protein
(3). Protein concentration was estimated with the
biuret reagent with bovine serum albumin (Sigma)
as the standard.

EPR spectra were recorded on a Varian V4500
spectrometer modified to allow a greater dynamic
range for microwave power (8). Samples were
prepared in 4 mm o.d. quartz capillaries closed
with serum caps. Prior to use the tubes were
purged with N2, H: or Ar which had been freed of
oxygen by passing over hot copper turnings or
BASF catalyst. Al solutions were stored under the
O;-free gas and were transferred to the EPR tubes
using gastight Hamilton syringes. Mixing was
accomplished by inverting and rotating the tubes
numerous times.

EPR spectra were recorded at about 20°K as
indicated the temperature being monitored by a
carbon resistor mounted below the sample tube.
The temperature differential between this resistor
and a second one located at the sample position
was checked frequently; the latter was con-
sistently 2°K warmer than the monitoring re-
sistor and this correction has been applied to the
recorded temperature. g-Values were determined
by recording spectra of the sample and of standard
field markers. There were strong pitch for the g =
2.0 region and Cr®" doped into cobalt ethylene-
diaminetetra-acetate for the low field region (9).
The latter material was a gift from Dr. R. Aasa
to Dr. J. A. Fee. The magnetic field was inde-
pendently calibrated with an Alpha model 3193
digital gaussmeter.

RESULTS

In Fig. 1 A, B we show the EPR spectra of
reduced azoferredoxin and molybdoferre-
doxin; the signals are extremely temperature
dependent and broaden rapidly above 30°K

? Abbreviations: EPR, electron paramagnetic
resonance.
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Fic. 1. EPR spectra of: (A) azoferredoxin
(20 mg/ml, gain = 50), (B) molybdoferredoxin
(62 mg/ml, gain = 25) and (C) “impurity protein”
(23 mg/ml, gain = 50) at 23°K. Sweep rate, 500
G/min; time constant, 0.3 sec; modulation am-
plitude, 3.5 G.

so that by 60°K only a weak, poorly resolved
spectrum is observed.

The spectrum of azoferredoxin (Fig. 1A)
appears to be the simpler of the two proteins.
Apart from a very small peak at ¢ = 4.3,
presumably because of some minority species
of iron, the spectrum consists of an approxi-
mately rhombic resonance of the ¢ = 1.94
type. The spectrum is clearly more complex
than the simple rhombic spectrom observed
with spinach ferredoxin (10) as judged by the
extreme narrowness of the center line com-
pared to the high and low field extrema and
this suggests that there might be several
species contributing to the overall line shape.
The nominal g-values are 2.06;, 1.94, and
1.871; these are close to the values reported
for the protein from K. pnewmoniae, viz.,
2.05, 1.93 and 1.87 (5). The integrated in-
tensity of this spectrum accounts for 0.2
electrons; mole of protein (20°K, Cu~-EDTA
standard, assuming S = 14). If precautions
are not, taken to ensure an adequate concen-
tration of dithionite in the preparative
buffers, the intensity of the resonance is
significantly reduced but can be restored by
the subsequent addition of dithionite.
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The EPR spectrum of isolated molybdo-
ferredoxin with an activity of 2300 units
(Fig. 1B) exhibits a very narrow notch at
¢ = 2.01 and two very intense lines at 4.27
and 3.78. These three EPR resonances are
most intense in the presence of excess di-
thionite and disappear in parallel following
addition of oxidizing agents. As discussed
below we believe these three lines are the
three component g-values of a rhombie trio.

The quantitation of the intensity of the
EPR spectrum of molybdoferredoxin is frus-
trated by: (1) the absence of an appropriate
standard, (ii) the problem of making an
accurate correction for the transition prob-
ability and (iii) the uncertainty of the spin
state of the species. By assuming that the
resonance arises from the +1¢ ramer’s
doublet of an S = 34 system (see Discus-
sion) and estimating the correction to the
transition probabilities by the method of
Aasa and Vanngard (11) we find 0.5 moles
paramagnet/ mole of protein at 20°K using
Cu"~EDTA as a standard. It is not obvious
that the correction for the transition proba-
bility is valid for this system and we are cur-
rently investigating this point using com-
puter simulation of the spectra.

For reasons which are discussed below we
originally believed that this resonance was
because of Mo**, For that reason we grew C.
pasteurianum on a medium in which the
molybdenum was supplied as the %Mo
(I = 34) isotope and isolated the molybdo-
ferredoxin in the usual manner. The extent of
incorporation of the isotope was checked by
chemical degradation of the protein and
subsequent mass spectrometric analysis; the
isotopically enriched molybdoferredoxin was
found to contain 76 % of the **Mo isotope.

The EPR spectra of the enriched and iso-
topically normal molybdoferredoxins were
recorded at 13°Is. There were no differences
between the spectra at any of the three g-
values. The full line width at half height of
the ¢ = 2.01 component is about 16 G and it
should have been readily possible to detect a
line broadening of 5 G equivalent to a hyper-
fine interaction of ca. 1 G. Neither broaden-
ing nor additional satellite lines could be
detected in the enriched protein.

In samples of molybdoferredoxin of lower
activity an additional resonance of the g =
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1.94 type 1s observed (cf. 4); this material
appears to be a catalytically inactive molyb-
doferredoxin which can be separated from
native molybdoferredoxin by DEAE chro-
matography (7). This second species is a
molybdenum-free iron—sulfur protein and
has a relatively simple EPR spectrum (Fig.
1C) with nominal g-values g, = 1.92;, ¢, =
2.05; though the line shape is not accurately
axial. The integrated intensity of this reso-
nance accounts for 0.13 moles of unpaired
electron/10° g of protein (assuming S = 13).
The protein is very sensitive towards oxidiz-
ing agents and addition of only a small
amount of ferricyanide causes the complete
disappearance of the signal. The EPR in-
tensity of this protein saturates rather
readily as the temperature is lowered below
20°K; this is in contrast to the 4.27, 3.78,
2.01 species which saturates with difficulty
even at the lower temperature. As a result
data taken at low temperature and high
microwave power show little if any of this
impurity (Tig. 2).
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Fra. 2. Effect of temperature on the relative
intensities of molybdoferredoxin and the impurity
protein: (top) 7°K, gain = 25; (bottom) 22°K,
gain = 50; sweep rate, 500 G/min; time constant,
0.3 sec; modulation amplitude, 3.5 G, frequency,
9.22 GHz.
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Fic. 3. Effect of oxidants on molybdofer-

redoxin (60 mg/ml): (A) Reduced molybdofer-
redoxin: note the presence of the substantial
amount of impurity in the ¢ = 2 region and the
almost complete obliteration of the g = 2.0 notch
by the fast sweep rate and relatively long time
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Effect of Oxidizing Agents

We have studied the effects of two oxi-
dants; viz, oxygen and ferricyanide, on these
proteins. Because experiments with ferri-
cyanide are easier to control most of our
results are with this reagent.

The simplest results are obtained with
reduced azoferredoxin. Addition of potas-
sium ferricyanide, tenfold over protein, com-
pletely eliminates the ¢ = 1.94 nonheme iron
signal and produces a narrow asymmetric
signal in the ¢ = 2.0 region which is reduced
in amplitude by further addition of the
oxidizing agent while the small ¢ = 4.3
signal increases slightly in amplitude. Similar
changes are observed when the protein is
exposed to air for 5 min.

The changes that oceur when ferricyanide
is added to molybdoferredoxin are more com-
plicated. Low concentrations of the oxidant
(Fe(CN)*~y/protein = about 3{ molar ratio)
produce a small, almost isotropie, absorption
in ¢ = 2 region (Fig. 3B) which presumably
consists of the high field extremum of the low
field signal superimposed with a new narrow
resonance I (isotropic). The intensity of the
low field doublet deereases by some 40 %.
Doubling the ferricyanide concentration de-
creases the intensity of the doublet a little
more while that of species T increases by a
factor of 2 and additional resonances become
observable at ¢ ~ 1.76 and 1.90 (I'ig. 3C).
Further additions of ferricyanide produce an
increase in the intensity of these latter
resonances while species 1 decreases to an
insignificant amount and this allows observa-
tions of a third resonance at g ~ 1.98; this

constant. (B) After addition of potassium ferricy-
anide, five-fold over protein. Note the species I.
(C) Ferricyanide now tenfold over protein. (D)
Ferricyanide now 20-fold over protein. (E) Fer-
ricyanide now 30-fold over protein. Note species
R and the presence of the broad resonance at
ca. 2400 G typical of oxidized potassium ferri-
cyanide. (F) Large excess of potassium ferri-
cyanide. (G) Molybdoferredoxin after 5 min
incubation with air. (H) Additional 25 min in-
cubation with air. Sweep rate, 100 G/min; time
constant, 1 sec; modulation amplitude, 3.5 G:
frequency, 9.2 GHz; gain = 100 (unless indicated
otherwise); temp, 23°K.
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appears to be the low field components of a
rhombie trio with g-values of 1.76, 1.90 and
1.98 (we call this species R) (Iig. 3D and E).

Additional increments of ferricyanide lead
to a reduction in the intensity of R and the
appearance of vet a third species exhibiting
an axial EPR spectrum with g, = 2.00,¢9. =
2.09; we call this species A. With excess
ferrieyanide, R (Fig. 31F) has completely dis-
appeared while A has its maximum inten-
sity; it should be emphasized that the protein
s consuming ferricyanide throughout most
of this experiment for the EPR of ferriey-
anide 1s only observed with the appearance
of A. Addition of excess dithionite at this
point restores about 30 % of the low ficld and
nonheme iron signals.

When molybdoferredoxin is exposed to air
for 5 min (Fig. 3G) the spectrum that is ob-
served is similar to that produced by inter-
mediate amounts of ferriecvanide. The low
ficld doublet is replaced by a singlet (g =
4.0), and the ¢ = 2 region consists of both I
and R speeles with comparable amplitude.
Turther exposure to air (Iig. 3H) increases
the intensity of species I markedly whereas
the intensity of R decreases by about 30
and the low field region loses the remains of
the doublet and now exhibits only the single
resonance.

Weakly oxidizing redox dyes such as
methylene blue or phenazine methosulfate do
not produce these complex changes. With
molybdoferredoxin both methylene blue and
phenazine methosulfate climinate the signals
present in the reduced enzyme. With azo-
ferredoxin phenazine methosulfate serves as
oxidant, methylene blue was not examined
because its free radical species is large and
overlaps the g = 1.94 region.

DISCUSSION

Because of their sensitivity to oxygen the
proteins of the nitrogenase complex are iso-
lated in the presence of 1 ma dithionite (7).
Under these conditions both molybdoferre-
doxin and azoferredoxin exhibit EPR spectra
which are not obviously similar to the
speetra observed with any other protein.

Azoferredoxin exhibits a resonance which
is of the general type called ¢ = 1.94 and
which 1s diagnostic of reduced iron-sulfur
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protein such as the plant and bacterial fer-
redoxin (10, 12). To the extent that the
envelope of the resonance does not conform
to any of the simple axial or rhombie proto-
types it is possible that the resonance is
heterogencous, that is there are at least two
paramagnetic centers contributing to the
EPR intensity as has been shown previously
for bacterial ferredoxin (13). In this latter
case there are two active centers cach con-
taining four iron atoms, four sulfide ions and
four cysteine residues (14); azoferredoxin
contains only four iron atoms and thus if this
protein contains two active centers cach with
iron exhibiting EPR in the reduced state,
then cach active center must contain two
iron atoms, that is azoferrcdoxin may be a
dimer of a “spinach~ferredoxin type” active
center, This possibility however 18 inconsist-
ent with the optical propertics of azoferre-
doxin; the protein does not have the reddish-
brown color typical of the 2 Fe ~ S* proteins
rather, it exhibits a greenish color which is
closer to that observed with the bac-
terial ferredoxins. Thus the anomalous line
shape of azoferredoxin may be the conse-
quences of a yet-to-be explained feature of
the paramagnetic properties of a tetrahedral
cluster of iron atoms. The integrated inten-
sity of the EPR is surprisingly low, we had
expected to find 1 electron/mole protein. If
the protein were impure then two possibili-
ties exist: (a) the KPR is from the impurity
or (b) the EPR is from azoferredoxin but
most of the protein is contaminant, How-
ever the preparations we have used show a
single sharp band on SDS gel which makes it
unlikely that any significant amount of a
second protein is present. I'urthermore in a
subsequent paper (15) we will report on the
response of this EPR signal to MgATP and
on rapid-freezing studies during turnover
which clearly establish that this KPR species
is a physiologically important component of
the nitrogenasc system. At the present time
we arce unable to provide a satisfactory ex-
planation for the low EPR integration.

The EPR spectrum of isolated molybdo-
ferredoxin of very high activity is of simple
shape though the EPR parameters are quite
unique. A similar spectrum has been ob-
served in proteins isolated from A. vinelandiz
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(4, 16) and K. pneumoniae (5) and in whole
cells of A. vinelandii, C. pasteurianum, Bacil-
lus polymyzxa and K. pneumoniae (16).

The three resonances at g = 4.27, 3.78 and
2.01 have the appearance of a rhombic trio
and can be explained as being due to a S =
34 system. A system containing three un-
paired electrons will be sensitive to zero field
splitting if subjected to noncubic crystal
fields. If this crystal field has strong axial
asymmetry (D >> gBH, where D is the axial
crystal field splitting parameter), then one
would predict an EPR spectrum with ¢, =
4.0 and ¢g; = 2. A secondary, rhombie, dis-
tortion (0 < E/D < 14, where F is the
rhombic field splitting parameter) will split
the low field resonance into two components
approximately symmetrically located about
g. . We thus propose that the lines at 4.27,
3.78 and 2.01 arethe g, , g, and g. of 2 S = 34
system subjected to both axial and rhombic
zero field splittings.

One obvious candidate for the 8 = 34
species is the molybdenum component of
molybdoferredoxin which in the 3* valence
has the 4d? electronic configuration; an EPR
spectrum of the type observed has been pre-
viously reported for Mo(III) acetylacetonate
(17). However, if this species is indeed
molybdenum one would expect to see molyb-
denum hyperfine structure from the I = 84
isotopes which are present to about 25% in
natural abundance. We have been unable to
detect any such hyperfine lines in the native
protein or in a protein in which %Mo had
been enriched to 76 %. We are not aware of
any compound of molybdenum which exhibit
a sufficiently narrow hyperfine structure to
explain our results. On the contrary the
molybdenum hyperfine interaction is sub-
stantial, typically 40-70 G, and we are thus
forced to conclude that the 8 = 34 species
arises from the iron and not the molybdenum
component of molybdoferredoxin.

Mononuclear iron is rarely found in the
S = 34 state and even then this can only
occur with ferric iron. The rhombic reso-
nance, however, is maximal in the presence of
dithionite and thus the probability that it is
mononuclear ferric iron is remote. The re-
maining alternative is that the resonance is
from a polynuclear system of iron atoms
which are exchange-coupled to yielda S = 34
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ground state, in much the same way that the
ferric and ferrous ions in reduced spinach
ferredoxin couple to yield a S = 14 ground
state (18, 19). Exchange coupling to give an
S = 34 ground state requires that the poly-
nuclear center contain at least three iron
atoms with the possible configurations 3 Fe**+
or 2 Fe?* plus 1 Fe’+. With more than three
iron atoms the alternative configurations are
many. Molybdoferredoxin contains about 12
iron atoms,/ 110,000 MW (3).

For reasons specified earlier we do not
have an accurate integration on the molyb-
doferredoxin resonance. However the prelim-
inary estimate recorded in the experi-
mental section makes it clear that the reso-
nance is not because of some minority species
which could be postulated as a contaminant
in the preparation. Again, the absence of any
impurity as judged by SDS gel electrophore-
sis and the behavior of molybdoferredoxin
during rapid-freezing turnover experiments
(15) makes it clear that this is a physiologi-
cally important component of nitrogenase.

Evans et al. (20) have recently reported
some EPR spectra of the molybdoferredoxin
from Chloropseudomonas ethylicum, a green
photosynthetic N,-fixing organism. Their
data, which was confined to the ¢ = 2 region,
is different from that reported here and by
others (4, 5, 16). The spectra show a radical
and some iron-sulfur resonances with no
evidence for the ¢ = 2.01 notch that is
clearly characteristic of most types of molyb-
doferredoxin. One is forced to conclude that
either the preparation of Evans et al. is
grossly impure or that the molybdoferre-
doxin present in Chloropseudomonas is funda-
mentally different to that from Clostridium.
In support of the latter possibility Evans
et al. demonstrated that the EPR of their
protein was modified by both ATP and by
ATP plus CN— while the EPR spectrum of
clostridial molybdoferredoxin is not changed
by ATP (15).

It is worth noting that the 1.94 resonance
seen in less active fractions of molybdofer-
redoxin were not detected in whole cells at
4.2°K and were only just discernible at 13°K
(16). This is a reflection of the relative sat-
uration characteristics of the molybdoferre-
doxin and 1.94 resonances which are such
that at very low temperatures the EPR of
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the former protein will be emphasized con-
siderably over the much more readily sat-
urated 1.94 resonance (cf. Fig. 2); this
behavior should be noted when using EPR to
examine the purity of molybdoferredoxin.,

Both azoferredoxin and molybdoferre-
doxin are exceedingly sensitive to oxygen, a
fact which delayed isolation of these proteins
until well-controlled procedures for anaer-
obic purification were developed (6). The
reaction of these proteins with oxidants is
extremely complex. Redox dyes of relatively
low potential such as methylene blue are
either inert or oxidize the protein to what is
assumed to be the physiological oxidized
state. However oxidants of high potential,
viz, ferricyanide or oxygen can initiate a
complex series of reactions. This is best
documented with molybdoferredoxin in
which three discrete oxidized species are
discernible. On the basis of their EPR line-
shapes these have been designated I (iso-
tropic), R (rhombic) and (Aaxial), the
sequence of appearance being I, R, A as the
ferricyanide concentration is increased;
species A appears to be stable to an excess of
ferricyanide.

The reaction of molybdoferredoxin with
air yields a mixture of I and R; presumably
there is a kinetic barrier to the subsequent
formation of A. In view of our ignorance of
the structure of the active center of molyb-
doferredoxin it seems premature to speculate
on the nature of the species that we observe.
Radicals of nitrogen exhibit essentially iso-
tropic resonances at ¢ = 2.00 which exhibit
nitrogen hyperfine structure (21) and are
thus unlikely candidates. A possible partici-
pation of the “impurity” protein cannot be
ruled out though we have not detected any
correlation between the amount of this
contaminant and the intensity of the A, I
and R resonances. Further, the addition of
ferricyanide to the “impurity” protein elimi-
nates its ¢ = 1.94 resonance, but no new
signals are observed. It should, perhaps, be
stressed that when the intrinsic signals of
molybdoferredoxin are abolished during
turnover no new resonances of the type A, I
or R are seen in the g = 2.0 region (15).
However, it should be noted that with both
the 2 Fe and 8 Fe ferredoxins reaction with
ferricyanide and oxygen has been shown to
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oxidize the labile sulfide—cysteine system to
sulfur-zero and this type of reaction has been
postulated to be responsible for the oxygen-
sensitivity of the iron-sulfur proteins (22).

ACKNOWLEDGMENTS

Excellent technical assistance of Claudette
Polis, Richard Bare and Dottie Sheets in the puri-
fication of proteins is highly appreciated, and we
are indebted to Drs. H. Brintzinger and W. H.
Orme-Johnson for some valuable discussion. This
work was supported by Research Grants GM
12176 (G. P.) and AI 04865 (L. E. M.) from the
National Institutes of Health.,

REFERENCES

1. Nskos, G., anp Mortenson, L. E., (1971)
Biochemistry 10, 455.

2. Nakos, G., aNp MorTenson, L. K., (1971)
Biochim. Biophys. Acta 229, 431.

3. Huang, T. C., ZumMFr, W. G., AND MORTENSON,
L. E. unpublished data.

4. Harpy, R. W, F., Burns, R. C.;, AND Pagr-
sHALL, G. W. 7n Bio Inorganic Chemistry,
Advances in Chemistry Series No. 100, (1971)
Amer. Chem. Soc., Washington DC, p. 219,

5. Eapy, R. R., Smrrh, B. E., Cook, K. A., aAND
Posreate, J. R. (1972) Biochem. J., 128, 655.

6. MorreNsoN, L. E. (1972) in Methods in En-
zymology (San Pietro, A., ed.), Vol. 23B,
Academic Press, New York.

7. Zvmrr, W. G., anp MortENnsoN, L. K. un-
published data.

8. PaLmER, G. (1967) in Methods in Enzymology,
(Estabrook, R. W., and Pullman, M. E_,
eds.), Vol. 10, p. 594, Academic Press,
New York.

9. Aasa, R, Faug, K. E.) anp Reves, 8. A.
(1966) Ark. Kemz 26, 309.

10. PaumEer, G., anp Sanps, R. H. (1966) J.
Biol. Chem. 241, 253.

11. Aasa, R., anp VanNgarp, T. (1964) Z. Na-
turforsch. 19, 1425.

12. PaLMER, G., Sanps, R. H., AND MORTENSON,
L. E. (1966) Biochem. Biophys. Res. Commun.
23, 357.

13. OrmE-JoBNsSON, W. H., anp Brinerr, H.
(1969) Biochem. Biophys. Res. Commun. 36,
337.

14. SiekEer, L. C., Apman, E., anp Jensen, L. H.
(1972) Nature (London) 236, 40.

15. MortENsON, L. E., ZumFr, W. G., AND PALMER,
G. (1972) Biochim. Biophys. Acta, in press.

16. Davis, L. C., SHau, V. K., BriLL, W. J., AND
Orme-Jounson, W. H. (1972) Biochim.
Biophys. Acta 266, 512.

17. Jarrert, H. S. (1957) J. Chem. Phys. 27, 1298



332 PALMER ET AL.

18. DunuaM, W. R., Paumer, G., Savns, R, H., AND Smrtd, R. V. (1971) FEBS (Fed. Eur.
AND BEARDEN, A. (1971) Biochim. Biophys. Biochem. Soc.) Lett. 15, 317.
Acta 263, 373. 21, Arxins, P., aNp Symons, M. C. R. (1967) in
19. Gisson, J. F., Harn, D. O., TuornLEY, The Structure of Inorganic Radicals, Else-
J. H. M., anp WaaTLEY, F. R, (1966) Proc. vier, London.
Nat, Acad. Sci. USA b6, 987. 22, PetERING, D., FEE, J. A., AND PaLMER, G.

20. Evans, M. C. W., TeLrER, A., Cammack, R. (1971) J. Biol. Chem. 2486, 643.



