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OF REDUCED FERREDOXIN FROM CLOSTRIDIUM PASTEURIANUM
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and

K. GERSONDE

Abteilung Physiologische Chemie der Rheinisch Westfalischen
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Résumé. — Des expériences Mssbauer ont été faites dans un grand domaine de température
et de champ magnétique sur du Clostridium Pasteurianum Ferredoxin réduit et sont interprétées
en fonction d’un modéle exposé dans un article publié récemment. Les spectres mesurés pour des
champs magnétiques intenses et 4 basses températures ont été calculés par la méthode des moindres

carrés en utilisant 'intégrale de transmission.

Abstract. — Mossbauer experiments have been performed on reduced Clostridium Pasteurianum
Ferredoxin in a wide temperature and magnetic field range and are interpreted in terms of a model,
which was developed in an eatlier paper. The spectra measured in high magnetic fields and at low
temperatures were least squares fitted using the full transmission.

1. Imtroduction. — Clostridinm Pasteurianum Ferre-
doxin contains in the active center two clusters of iron
and sulfur atoms. In each cluster four sulfur and four
iron atoms alternatively occupy the corner of a
distorted cube. The iron atoms are co-ordinated with
cysteine sulfur atoms of the protein moiety.

In an earlier paper [1] a model of the electronic state
of the active center of reduced Ferredoxin (Fd,.4) was
developed. Each cluster was described by a wave
function S, = 4 common to the electrons of all
cluster atoms with an effective spin S,¢; = 3. The two
clusters interact weakly via spin-spin coupling and
exchange interaction yielding S = 1 and § = 0 states.
An external magnetic field breaks the cluster-cluster
interaction and each cluster can now be described
separately by a wave function corresponding to
Seer = -

This model was proved by a least squares fit of

Moéssbauer spectra, measured at 4.2 K and H,,, = 0,.

1T, 2 T respectively and supported by EPR measure-
ments. The theory of the fit used the Hamiltonian,

=8 .H, - g8 Sesr +
+ B gre (= DB K
q

+ P31 — 10+ 1)]—Ba-gy-Hey - 1

where the individual terms are the Zeeman term of the
electrons, the magnetic hyperfine interaction, the
nuclear quadrupole interaction and the nuclear Zeeman
term.

In case of an external magnetic field the fit pro-
cedure yields the parameters « and p, which correspond
to the effective magnetic hyperfine fields Hl'ff and Hie
at one iron nucleus, assuming a C, axis through the
iron containing corners of the Fe,S, cube.

The following relations exist :

<1|Hlg|1>= - <2|Hlgz12>=—kK.cos0
<1|H:|1>=—-<2|H% 2>
=—.p.sinf

V2
where | 1 > and | 2 > are the two electronic states of
the cluster and 6 is the angle between the external
field and the threefold symmetry axis of the iron atom.
In this paper some new experiments supporting the
model described above are presented.

2. Magnetic behaviour of Fd,,, at very low tempe-
ratures without external magnetic field. — Mossbauver
spectra of 2 cluster Fd at 4.2 K without an external
magnetic field show essentially one quadrupole
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doublet [3, 8]. In contrast to this result recent inves-
tigations of one cluster Fd between 4.2 K and 35 K
show magnetic hyperfine interactions even at
H,,, = 0 [2]. The absence of the magnetic hyperfine
pattern in 2 cluster Fd may be explained in several
ways. In the model described in the introduction a
cluster-cluster interaction yielding a wave function
with S =1 or S =0 was assumed. In [3, 9, 8] a
spin-spin relaxation mechanism was proposed. In
addition there remains still the possibility of a fast
spin lattice relaxation, which becomes slow in compa-
rison to the Larmor precession time of the nuclear
spin only at very low temperatures. In [8] measure-
ments at 1.3 K were mentioned yielding the same
Mssbauer spectra as those measured at 4.2 K. Figure 1
shows a Mossbauer spectra measured at a temperature
of 0.4 K. A 4.2 K spectrum is given for comparison.
The spectra show mainly one quadrupole dublet
with essentially the same splitting, The small amount
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Fic. 1. — Mdssbauer spectra of Fdrea at Hext = 0. The qua-
drupole splitting + e2 gQ and the isomer shifts against Rhodium
and Palladium respectively are given from :

A:at42 K

+e2q1Q =154 mmfs, S1=0.295mm/s,
Fexpl = 0.804 mm/s
57CoRh was used as a source, which was kept at 4.2 K.
B:at04kK
+e2q1 Q = 1.521 mm/s, S1=0.347 mm/s,
Texpy = 0.786 mm/s .
57CoPd was used as a source, which was kept at room tempera-
ture.
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of a second dublet with about 5 9/ of the total intensity
of the spectrum with a splitting of about 3.1 mm/s can
be attributed to non-cluster iron (high spin Fe(Il),
[3]). Since even at 0.4 K no magnetic hyperfine pattern
is found, a pure spin lattice relaxation mechanism
becomes highly improbable.

3. Magnetic behaviour at low temperatures and high
magnetic fields. — Thel east squares fit of the spectra at
42K and H,,, = 1T and 2T mentioned above used the
Sum of Lorentzian approach (in the following abbre-
viated SOL). As pointed out in several publications [4, 5]
the SOL approximation is no longer valid even at
moderate absorber thickness, if the line separations in
the spectra are small compared to the line width. As
the Ferredoxin absorber is a frozen solution absorber,
one has to calculate line positions and intensities for
many protein orientations in the external magnetic
field (8 line pattern for every angle 6). This procedure
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F1G. 2. — Mossbauer spectra of Fdrea in high magnetic fields :
A: T=42K and Hext = 2 T (parallel to the y-beam)
k=—86T7202)T, p=12200 T,

1e2g0 =154 mmfs, S =0343 mm/s, ¢ = 1.17.
A 57CoRh source was used.
B: at T=04 K and Hexi = 1.41 T (perpendicular to the
y-beam) :

k=—68@T, pn=131Q)T,

te2gQ =154 mmfs, S=0347Tmm/s, t,=1.19.

A 57CoPd was used. For the meaning of the parameters compare
the text.



TEMPERATURE AND MAGNETIC FIELD

yields more than 70 absorption lines when spectra
are calculated for A@ = 6°. The separation of the
lines are small compared to the line width. Therefore
the SOL approach may give definitely wrong fitting
parameters. In order to see if the SOL method can
be used or not, new least squares fits were carried out
using the full transmission integral (in the following
abbreviated TI) to calculate the shape of the M&ssbauer
spectrum. The TI for a moved single line source and a
split absorber is given by [6, 4].

+ oo
I(v)=10[1—fs+fs.j dE x
— o

/2=

(E - %EO)Z + (T 2)?

X

(E - g;/?z(ra/z)z)] '

N
X exp(— > Wit
N i=1

The numerical integration of this equation has been
carried out using standard Gauss-Legendre quadra-
ture technique [7] in a similar way as described in [5].

Figure 2 shows spectra at 0.4 K with H,, = 141 T
perpendicular to the y-beam and at 4.2K with
H,, = 2T parallel to the y-beam. The least squares fit
procedure used the TI theory. The fit yields values for
the hyperfine parameters « and p (the quadrupole
splitting was fixed at 1.52 mm/s and 1.54 mm/s
respectively), which are very similar to those obtained
by a SOL fit. The values are given in table 1.

TABLE 1

Magnetic hyperfine parameters x and p of Fd, 4 at
high magnetic fields and low temperatures. The results
were obtained using the Sum-of-Lorentzian approxi-
mation and the full transmission integral respectively.

The parameters at 7=04 K and H,, = 141T
are :
KTI = - 6.88 (9) T, KSOL = - 6.5 (2) T
pr = 13.1 (DT, PsoL = 134D T.

The parameters at 7= 42K and H,,, = 2T are :

k1= ~ 6.772(2) T, ksor = — 6.91 (1) T
pr = 1220 T,  psor = 1276 @) T.

This result shows that the errors made in the fit
parameter determination using the SOL approach can
average to zero if the number of hyperfine lines is very
high. To prove this behaviour we calculated Mgss-
bauer spectra at H,,, = 2T with the TI and fitted to
them theoretical functions using SOL approach, thus
receiving values for the deviation of the hyperfine
parameters. This procedure was carried out for

several spectra with varying number of hyperfine lines.
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To get different numbers of lines the number of
protein orientations in the external field (angle ) in
the calculation of the Mdssbauer spectrum of the
frozen solution absorber was varied. Figure 3 shows
the differences between TI and SOL fit procedures.
At relatively small numbers of hyperfine lines the
parameter deviation is higher
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Fic. 3. — Calculated transmission integral Mossbauer spectra

fitted with Sum-of-Lorentzian theory.Hext = 2 T applied parallel
to the y-beam.

& =—687T, (Pm=13.10T,

+e2¢qQ = 1.54 mm/s, ta = 1.118.
A : 70 lines (31 angular steps),
AK(SOL) _ | <,  Ap(SOL) _ .,
D 1.5 %, (D) 0.1 %.
B : 34 lines (4 angular steps),
AKSOL) . ApSOL) . .,
e 2.8 %, @ 0.4 9%.
Ax(SOL) | Ap(SOL)
TN T 4 ooa_-—_—=0~4 oo,
[ =28 % e %

fitted with A8 = 45° which corresponds to 34 lines]
than in the spectra with a great number of lines

[AK(SOL) B Ap(SOL)
(I p(TI)

fitted with A8 = 6° which corresponds to 70 lines).

1.5 %, =0.1¢%,

Our result shows, that Mdssbauver spectra of Fd 4
in high magnetic fields can be reasonably well fitted
using the Hamiltonian described above and the SOL
approach. The parameters x and p are essentially equal
at 0.4 K and 4.2 K and the different magnetic fields in
agreement with our model. The spectrum at 0.4 K and
1.41 T can only be fitted with a positive electric field
gradient.
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4. Magnetic behaviour at higher temperatures in high
magnetic fields. — When rising the temperature above
15 K, the Mossbauer spectra of Fd, ., at high magnetic
fields changes drastically. Above 20 K x-band EPR
spectra of Fd,.4 show no signal. For this behaviour
fast spin-lattice relaxation effects may be responsible.
In such a case it is necessary to average over the contri-
butions of the different electronic levels to the magnetic
hyperfine field. When the relaxation time is short as
compared to the nuclear Larmor precession time the
second term in the Hamiltonian averages to zero.
Using this modified Hamiltonian we could fit spectra
at H,,, = 2.8 T in the temperature region between
40 K and 120 K reasonably well. Spectra, measured in
the region between 15K and 40K at H,,, =28T
clearly show magnetic splitting with relaxation effects
(Fig. 4). At this magnetic field the coupling of the
clusters should be broken and spin lattice relaxation
of the isolated cluster spin (S, = 1/2) should be
responsible for the shape of the spectra. It should be
mentioned that those fits were again performed
with ¢ > 0.

FiG. 4. — Mossbauer spectra of Fdrea at Hext = 2.8 T applied
parallel to the y-beam :

A:atT=120K

+e2 g0 = 1.254 mm/s ,
B:atT=40K

¥ e2gQ = 1.461 mm/s ,
C:atT=15K

Lexp = 0.553 mm/s .

Texp = 0.552 mm/s .
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