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ABSTRACT: The sulfur atoms of the two [ﬂFe-4é] clusters present in the ferredoxin
from C. pasteurianum have been replaced by selenium. The optical absorption
spectrum of the Se-ferredoxin is slightly different from the spectrum of the
native protein, but it displays the characteristic features of [AFe—4x] (X =-s5,
Se} clusters. The reduced Se-ferredoxin can reduce hydrogenase, and the oxidized
Se-ferredoxin can be reduced by hydrogenase in the presence of molecular hydrogen.
This is the first report of sulfide substitution by selenide in an iron-sulfur
protein containing [4Fe-4S| active sites.

INTRODUCTION

Ferredoxins are small proteins (molecular weight 6,000 to 25,000) that
serve as electron carriers in various systems. They contain iron and inorganic
sulfur organized into [4Fe~4s] (1) or [2Fe—2$j (2) clusters. Recently, a
[3Fe—3$] cluster has been evidenced in a ferredoxin from Azotobacter
vinelandii (3}. The Fe232 and Fe4s4 units have been extensively studied in
proteins (1, 2) as well as in low molecular weight synthetic analogs (4). Aan
interesting feature of these iron-sulfur cores is the possibility of substituting
sulfur by selenium with retention of the overall structure and main physico-
Se4(SR)Z‘ (5, 6) and Fe,Se (SR)i—(7, 8) clusters

4 2772
have been synthesized chemically and characterized. In ferredoxins, however,

chemical properties. Indeed, Fe

only [ZFe—ZSe] clusters have been assembled so far from the appropriate apoproteins,

with iron and selenium reagents (9, 10, 11).

We here report the incorporation of two [4Fe—4Se] clusters into the ferredoxin

from Clostridium pasteurianum (M.W. = 6,000), which contains two [ﬁFe—4S] clusters

in its native state. It is thus established that the $/Se substitution is feasible
in both the binuclear and tetranuclear sites of ferredoxins, as well as in the

synthetic analogs.

MATERIALS AND METHODS

The growth of C. pasteurianum W5 (ATCC 6013) cells and the purification
of ferredoxin were carried out as described by Rabinowitz (12). Hydrogenase
was purified and assayed as described by Chen and Mortenson (13). Apoferredoxin
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was prepared by repeated (2 or 3 times) precipitations of the ferredoxin with

8% trichleracetic acid and redissolution in ©0.5M Tris-Cl pH 8.5, followed

by filtration on Sephadex G-25. Iron was assayed by using bathophenanthroline
disulfonate (14}. Sulfide was determined as described by Chen and Mortenson
(15). For the determination of selenium, known amounts of Na 75Se03 (from

the Radiochemical Center, Amersham, U,K) were added to the solutions of

Na,SeO. (99%, from Aldrich) used for the reconstitution of ferredoxin. 755e

was measured on a Kontron MR480 gamma counter. UV-visible spectra were recorded
with a Cary 219 spectrophotometer.

RESULTS AND DISCUSSION

The following procedure was used for the incorporation of [ﬂFe—4Se] clusters
into ferredoxin, strictly anaerobic conditions being maintained throughout. The

apoprotein (0.5-1 mg/ml, in O.1M Tris-Cl, pH 8.5) was preincubated 30 minutes

+
at room temperature with a 50-fold molar excess of dithiothreitol (DTT). Fe3

(as a solution of FeCl3.6H20) was then injected, immediately followed by the
addition of Se2_, both in 32-fold molar excess over the apoprotein. Se“ was

prepared just before use by reducing Seo3 with DTT (10) : a ten-fold excess

og DTT in aqueous solution was added to solid Nazseo3 (or to a solution when

Se was used) under anaerobic conditions and the mixture was allowed to react
for 5 minutes. Upon addition of Se2—, the reaction mixture turned dark brown,
and a fine black precipitate appeared. After one hour at room temperature, the
solution was loaded on a small DE 52 column (5 ml for 10-20 mg of protein)
equilibrated with Tris 0.0Z M, pH 7.4 and NaCl 0.1M. The column was washed
with 50-100 ml of the same buffer, which removed most of the free iron, selenide,
and DTT. The black precipitate remained on top of the column and did not
interfere with the subsequent elution of the ferredoxin, which was carried out
with O0.4M NaCl. The remaining free iron and selenide were then separated from
the protein by filtration on Sephadex G-25. The procedure for the reconstitution

2 2=

of [?Fe-4sj clusters was identical, except for the replacement of Se“ by §° ,

added as a solution of Nazs, 9H

varied between 55% and 75%.

20 (12). The yields of these reconstitutions

The iron, sulfide, and selenide contents of the apoferredoxin and of the
52_ and Sez— reconstituted ferredoxins are displayed on Table I. The Fe and 82-
contents of the apoferredoxin are not significantly different from zero, thus
the [4Fe—4$] clusters have been quantitatively removed from the protein. The Fe
and SZ_ contents of the SZ_ reconstituted protein are identical with those of
the native ferredoxin, which indicates that the reconstitution procedure used
here eliminates any iron or sulfide not belonging to the [AFe-4Sﬂ clusters. The
Se-ferredoxin contains equal amounts of iron and selenide, and practically
no sulfide. 7 to 8 atoms of Fe and Sez- per molecule of protein were found

when the concentrations of iron and selenide were divided by the concentration

of protein as determined by the assay of Lowry et al. (16). As the latter
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2 [4Fe-4Se) Fd
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Figure 1 Optical absorption spectra of the ferredoxin from
C. pasteurianum and of its selenium substituted analog. Both

proteins are in their oxidized state, i.e. 2[4Fe—4x]2+ (X = §,Se).
€ is the molar extinction coefficient in M“1 x cm-l.

The wavelengths of the main features of the spectra and

the extinction coefficients are to be found in Table I

and in the text. Fd is an abbreviation for ferredoxin.

assay overestimates ferredoxin concentrations by a factor of 1.8 (12), native
ferredoxin was used as a standard for the determination of Se-ferredoxin
concentrations. These assays, and other data shown below, demonstrate that the
Fe-Se reconstituted ferredoxin contains two [ﬁFe-4Se] clusters. A molar extinction
coefficient of 32,000 M—1 X cm_1 at 386 nm was calculated, based on 8 Fe and

8 Sez- per molecule.

The UV-visible absorption spectra of the native and selenium-substituted
ferredoxins are shown in Figure 1. The two spectra are very similar, both
having the two broad absorption bands at ca. 400 and 300 nm, characteristic
of [4Fe—4sj c¢lusters in proteins (1). Nevertheless, a few small but significant
differences are observed : First, the low energy band of the Se-ferredoxin
is blue-shifted by 2 nm compared to the native ferredoxin (from 388 to 386 nm).
This is somewhat in disagreement with the observations made with synthetic
Fe4S4 cores, where the substitution of S by Se causes a red shift of 8 nm (6)
to 13 nm (5). Even larger red shifts have been reported in selenium substituted
[2Fe—2S] ferredoxins (10, 17). There is one example, however, of an iron-sulfide-
thiolate complex where the replacement of sulfide by selenide results in a blue

shift of 10 to 15 nm (18). Second, the high energy band in the Se-ferredoxin
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is red shifted (from 302 to 305 nm), which results in a significant red shift
of the well between the two peaks : 368 nm for the Se-ferredoxin, versus 354 nm
for the native protein. Third, the Se-ferredoxin has a higher molar extinction

coefficient (eM) than the native protein at ca. 390 nm (32,000 versus 30,000 M_1

1 X cm_l). Of the two studies

x cm™!) and at ca. 300 nm (42,500 versus 37,000 M~
on synthetic analogs, one reports a 3% increase (6), the other a 8% decrease (5)

of EM (at ca. 470 nm) when sulfide is replaced by selenide.

The biochemical properties of the Se-substituted ferredoxin from C.
pasteurianum will be detailed elsewhere. Preliminary experiments have shown
that the dithionite-reduced Se-ferredoxin is nearly as efficient an electron

donor to the hydrogenase from C. pasteurianum as the native ferredoxin : the

maximum velocity of H_ evolution is decreased by less than 30% when the former

2
is used instead of the latter. In addition, like the native ferredoxin, the
Se-ferredoxin is reduced by hydrogenase in Hz—saturated solutions. These

results are in good agreement with previous observations that the biological

function of [?Fe-zsj ferredoxins is only slightly impaired by the Se/S substi-

tution (9, 10, 17). Furthermore, in synthetic Fe4X4 (X = 8, Se) cores,
+
the redox potential of the Fe4xi /Fe4xz couple, which is operating in the

ferredoxin from C. pasteurianum, changes by less than 30 mV upon replacement
of S by Se (6).

We have observed that when reconstitution reactions are carried out with

: - 2- . ; .
mixtures of 52 and Se , both chalcogenides are incorporated into the apoprotein.
Recent chemical studies (8) suggest that various hybrid clusters of the series
Fe4S4_nSen (n=0,1, 2, 3, 4) may be present in such reconstituted ferredoxins. It

should also be mentionned that a mixed species of the type Fe_SSe has previously

been obtained when adrenodoxin was reconstituted with Sez’ ang Sz_ (11, 17).

For practical purposes, it has to be emphasized that the Se-ferredoxin is
much less stable than the native ferredoxin. Indeed, in air-saturated dilute
solutions (10-100uM) the former is inactivated about 10 times faster than the
latter. Even under argon, at O°C or at room temperature, the Se-ferredoxin
loses its active sites over a period of 20-30 hours, whereas the native protein
is stable for many days. [2Fe—2Se] ferredoxins have also been reported to be
less stable than the corresponding native proteins (10). The lability of the
Se-ferredoxin may be due either to the greater sensitivity of Sez—(versus Sz_)
towards oxidation, or to the larger size of the [4Fe—4Se] cluster (6), which
would thus be less efficiently accomodated and protected by the protein than
the native [4Fe-4$] cluster.

The replacement of sulfur by selenium at specific sites in proteins is

of great interest for comparative purposes, as such investigations may contribute
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to the understanding of why some enzymic processes do not distinguish selenium
from sulfur while others show a specific requirement for one or the other of
these elements (19). In addition, selenium is of advantage for some magnetic
resonance studies, since 77Se has a nuclear spin of 1/2, which causes a simpler

pattern of hyperfine splitting than 333 (spin = 3/2), for example (20).
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