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Shethna et al. (1) showed by substitution of FeST for Fed® in a

non heme iron protein from Azotobacter vinelandii, that the EPR signal

at g = 1,94, observed on reduction of this type of protein, was due to
8 structure containing iron, Evidence from chemical analyses in-
dicated that this and related proteins contained - in a particularly
labile form - sulfur which was essential for their integrity and
function (2). It was, therefore, generally assumed that the structure
responsible for the EPR signal, which is unusual for iron complexes,
might involve sulfur as a ligand of iron, It was merely a matter of
availability of the proper sulfur isotope in sufficient enrichment
(833, nuclear spin 3/2, megnetic moment 0.6k4) to attack the question

in a fashion analogous to that of the involvement of iron in the signal,

Preliminary results have been published by Hollocher et al (3} on

whole cells of azotobacter, which indicate that the splitting by S35
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is indeed of sufficient magnitude to be observable. In view of the
importance of the question, as to whether sulfur is indeed re~
presented in the g = 1.94 signsl, or in other words, whether an
electron taken up by the iron complex on reduction is shared by sul=-
fur and iron atoms, we considered it important to obtain a definitive
ansver,

When 533 of 48,5% enrichment became available, the isotope was

incorporated into the iron proteins of two different bacteria:

Azotobacter vinelandii and Pseudomonas putide. The EPR signals of the
purified reduced proteins were compared to the corresponding signals
obtained with the proteins from §32 grown cells, and with calculated
spectra, The effects observed on both components of the EPR signal

(g = 1.9 and g = 2; gsee Figs. 1-5) shov unequivocally that sulfur
does contribute to the signal in the two proteins,

533 of 48,5% enrichment was purchased from Oak Ridge National
Laboratory and converted to Naasoh by oxidation with fuming nitric
acid. Conditions for growth on a minimum of sulfur were established,
For both bacteria approximstely 3mg of sulfur per liter of growth
medium were needed, Mangenese was omitted from the medium for
pseudomonas because of interference in EPR spectroscopy. Separate lots
of each orgenism were grown, severel on 832 and two on S33, and were

worked up separately. The iron proteins were purified on a small scale

according to methods described previously (L-6). The iron protein
from azotobacter was carried through the ammonium sulfate precipita-
tion step and that from pseudomonas through the DEAE eluate step
followed by precipitation with ammonium sulfate at 75% saturation,
The proteins were reduced by addition of s moderate excess of
dithionite and the EPR spectra were superimposed on the spectra of
proteins obtained from cells grown on 832 in & manner analogous to

the 533 cells,
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Fig. 1. Photographic reproductions of original EPR spectra of iron
protein purified from S-¢ and §33 grown cells of azotobacter, The
s%gna,l with the higher amplitude is that observed with protein from
S5¢ grown cells, For comperison the smplitudes were adjusted so that
the total integrated intemnsities of both signals match., Approximately
' 30 mg of protein were dissolved in 0,25 ml of 0.1 M potassium phos~
phate of pH T.U and reduced with dithionite. The microwave frequency
was 9,248 MHz/sec, the power 23 mw, modulation amplitude 5 gauss,
scanning rate 50 gauss per minute, time constant 2,5 sec, and the
temperature 979K,

The previous experiments on Fe57

-grown cells (1) can serve as
a gulde to the spectral changes which may be expected: a general
broadening, particularly well expressed in the g, (g = 2,01)
component of the signal, and abolishment of the separation of gy
and gy {shoulder on main peak at g = 1.94). The latter effect is
particularly significant and diagnostic (see Fig. 5 and ref. 1,
Figs., 1l-3) but does only occur, when gy and gy differ sufficiently
as for the azotobacter protein. According to calculation and comw

puter simulation (cf, Fig, 2 and ref., 1, Fig. 3) it is an cbligatory

sequel of hyperfine splitting plus superposition of the §33 (or Fe’T)
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Fig. 2. EPR spectrum of iron protein from g3 grown cells of azotobacter
(larger amplitude) supggimposed on computer-simulated spectrum for
protein labeled with S°° (smaller amplitude) with an assumed enrichment
of 45% 533 and a splitting of 12 gauss. The dots indicate the manually
calculated amplitudes for the same conditions end the crosses those for
100% 833 and 12 gauss splitting. The values along the abscissa indicate
the field in gauss.

spectrum on the 832 or (Fe56) spectrum, The apparent changes at g8,
are not as reliable en indication of the isotope effect, since at
this g value, where most EPR signals are found, particularly free
radical signals, interference cen be expected and may indeed be

serious. At the relatively high modulation and power settings required

for observation of the EPR spectira ot the small quantities of labeled
iron proteins available, the radical signals will be partly saturated
and may be distorted by modulation (7). It is pertinent here that the
flavoprotein which accompanies the iron protein from azotobacter (4)

is particularly prone to distortion (8). This may result in mis-

572



Vol. 26, No. 5, 1967 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

R

l
3271 3401 3433

Fig. 3. Photographic reproductions of original EPR spectra of iron
protein from pseudomonas analogous to Fig. 1, Approximately 3 mg of
protein were dissolved and reduced as in Fig, 1 in the presence of

10 mM mercaptoethanol, 16 spectra were accumulated in the C~102L
computer before display. The microwave frequency was 9,248 MHz/sec,

the power 91 mw, modulation amplitude T gauss, scanning rate 500 gauss
per minute, time constant 0.25 sec, and the temperature 85K, The

g = 1.94 signal from this protein is not saturated under these conditions.
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Fig. b, EPR spectrum of iron protein from 532 grovn cells of
pseudomonas (larger amplitude) superimposed on computer-simulated
spectrum for protein labeled with $33 (smaller smplitude), prepared
and presented analogous to Fig. 2, The conditions of EPR spectroscopy
for recording the S 2 spectrum were those of Fig, 1.

interpretations of the behavior of the g, component on isotopic sub-
stitution, Although it may appear that in the spectra shown here such
signals are absent, minor interference from small superimposed signals
in this spectral region is nevertheless evident from the deviations
from the calculated spectra. It is therefore important that the effect
of the isotope is also clearly observed at the main component where
interference from radical signals is excluded.

The calculations of the S®? spectra were based on hyperfine inter-

action of one sulfur atom, since the ratio of labile sulfide to iron <1.

Fig. 5. Expanded portion of EPFR sgectrum of Fig, 1 demonstrating the

effect of hyperfine splitting by S33 on the main peak of the signal,
as shown in the calculated spectra of Fig, 2. The conditions were those
of Fig. 1, except for a 2 fold expansion of the scale on the abscissa.
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The intensity observed at points along the abscissa of the S%% curves was

distributed over four lines with the assumed separation, The S3%3 spectra

so obtained were then superimposed on an S§32 spectrum with the relative

intensities adjusted according to the assumed enrichment, Only isotropic

hyperfine interaction was considered and no correction was made for changes

in transition probabilities. Simulated spectra were obtained in an analo-

gous fashion by the use of the Varian C~1024 time averaging computer, S32

curves were accumulated in the computer, one each centered at the assumed

field position of each hyperfine line and one at the center. The proper

enrichment was again obtained by adjusting the relative amplitudes.

In these calculations and simulations assumptions as to hyperfine

splitting and final enrichment had to be made, Since a 1% inoculum of

cells grown on minimal sulfur medium was used, it is unlikely that sub-

stantial dilution of an isotope such as sulfur could occur. A final en-

richment of 45% was therefore assumed. With assumed enrichments between

40 and 50%, the best fit of the computed curves to the original curves

of the proteins from either source was obtained with a splitting of 12

gauss between individual lines of 832, On the basis of a comparison with

calculated and simulated curves, we think that only one sulfur atom may

be involved in the hyperfine interaction and that anisotropic hyperfine

interaction makes no major contribution, The actual value of the splitting

is estimated to lie within 15% of this value. It is interesting to note

that Pettersson and Vﬁnnggrd found splittings of 11.2 and 11.9 gauss by

§3% in Cu(II1) and Ag(II) dithiocarbamates, respectively (9).

1.

3.

REFERENCES

Y.I. Shethna, P.W, Wilson
Aced. Sci. 52, 1263 (196h5.
Non-Heme Iron Proteins: Role in Energy Conversion, A, San Piletro, ed.,
Antioch Press, Yellow Springs (1965).

T.C. Hollocher, F. Solomon and T.E. Ragland, J. Biol. Chem. 2hl, 3452 (196€

R.E., Hansen, and H. Beinert, Proc. Natl,

575



Vol. 26, No. 5, 1967 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

H. Beinert, Y,I. Shethna, and P,W. Wilson, Biochem. Biophys. Acts, 113,
225 (1966).

D.W. Cushman, R.L. Tsai, and I.C. Gunsalus, Biochem. Biophys. Res,
Commun., 26, 577 (1957).

J. Hedegaard and I,C. Gunsalus, J. Biol, Chem. 240, 4038 (1965).

K. Halbach, Helv. Phys, Acta, 27, 259 (195k),

H. Beinert, and W,H. Orme-Johnson, "Magnetic Resonance in Biological
Systems", A,Fhrenberg, B.G. Malmstr8m, and T. VHnngBrd, eds., Pergemon
Press, London, in press.

R. Pettersson and T. VinngSrd, Arkiv for Kemi, 17, 249 (1961).

576



