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A novel 6Fe (2 x [3Fe-48]) ferredoxin from Mycobacterium smegmatis
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Abstract A novel ferredoxin was purified from Mycobacterium
smegmatis by a series of hydrophobic chromatographies in the
presence of high concentrations of ammonium sulfate and sodium
chloride. The ferredoxin exhibited the same peptide map and
N-terminal amino acid sequence as the known 7Fe ferredoxin
from the same bacterium. On the other hand, this ferredoxin was
found to contain ~6 Fe/mol ferredoxin and was also shown to
contain only [3Fe—4S] clusters by resonance Raman spectros-
copy, indicating that it is a novel 6Fe ferredoxin which contains
two [3Fe—4S] clusters.
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1. Introduction

Ferredoxins are usually small acidic proteins which contain
one or two iron—sulfur clusters. Iron—sulfur clusters, prosthetic
groups of ferredoxins, such as [2Fe-2S] or [4Fe—4S], act mainly
as electron carriers in redox reactions. In addition, some [3Fe—
48] clusters have recently been shown to participate in non-
redox reactions in several enzymes [1-3].

A Mpycobacterium smegmatis ferredoxin has been identified
as a 7Fe ferredoxin containing both a [3Fe-4S] cluster and a
[4Fe-48] cluster per molecule by several physicochemical tech-
niques such as '"H NMR, resonance Raman, and EPR spectros-
copies [4-6], though its physiological role is still unknown. The
similar 7Fe ferredoxins have also been isolated from several
bacteria such as Azotobacter vinelandii [7), Pseudomonas ovalis
[8] and Thermus thermophilus [9], and Streptomyces griseus [10].

In this paper, we report the purification and characterization
of a second ferredoxin from M. smegmatis crude extract. This
novel ferredoxin, which was characterized as a 6Fe (2 x [3Fe—
48S)) ferredoxin by the physicochemical techniques such as iron
content estimation and resonance Raman spectroscopy, was
obtained by purification only in the presence of high concentra-
tions of ammonium sulfate and sodium chloride.

2. Materials and methods

2.1. Materials

DE32 was obtained from Whatman Chemical Separation Ltd.
DEAE-TOYOPEARL and TOYOPEARL HW65C were purchased
from TOSOH and bovine serum albumin was obtained from Sigma.
Staphylococcus aureus V8 protease [EC 3.4.21.19], trifluoroacetic acid,
and 4-vinylpyridine were purchased from Wako Pure Chemicals. Tri-
n-butylphosphine was obtained from Tokyo Kasei. All other reagents
were of the highest grade available.
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All operations described below were conducted at 0-5°C unless oth-
erwise indicated.

2.2. Cultivation of Mycobacterium smegmatis
The bacterium was cultivated in static glycerol-pepton-bouillon me-
dium as previously described [11].

2.3. Purification of ferredoxins

M. smegmatis cells (~500 g) were harvested on a Biichner funnel and
washed with 1 10f 2.5 M ammonium sulfate/1 M NaCl/50 mM Tris-HCI
(pH 8.0) (2.5 M AST buffer). Each 250 g portion of the washed cells
was ground with quartz sand (500 g) for 2 hours and after the addition
of 1.5 1 of 2.5 M AST buffer, the cell-free extract was prepared by
centrifugation at 12,500 x g for 30 min. DEAE-cellulose (DE32, ~25 ml
suspended in 2.5 M AST bufler) was added to the supematant. After
gentle stirring for 16 hours, the brown-colored DE32 was recovered by
decantation. A column was prepared by packing new DE32 (100 ml)
in the lower part and putting the brown DE32 (collected from three
cultures) on top.

The constructed column (2.5 x 30 cm) was washed with 21 of 2.0 M
AST bulffer. After elution of a yellow fluorescent substance, ferredoxin
was eluted with 1.4 M AST buffer. The brown fractions were combined
and after the concentration of ammonium sulfate was increased to 3.0
M by the addition of solid ammonium sulfate, the eluate was applied
to a TOYOPEARL HW65C column (3.0 x 35 cm) which had been
equilibrated with 3 M AST buffer. The column was washed with 500
ml of the same buffer and then eluted with 2.2 M AST buffer. Two
brown fractions were collected. Each brown fraction was pooled and
after increasing the ammonium sulfate concentration to 3 M, each
combined fraction was applied separately to a DEAE-TOYOPEARL
column (2.5 x 20 cm) which had been equilibrated with 3 M AST buffer.
The column was washed with the same buffer and each ferredoxin was
then eluted with 2.0 M AST buffer. The purified ferredoxins were
concentrated by ultrafiltration using Amicon YMS membranes and
their media were replaced by 0.05 M Tris-HCI (pH 8.0)/0.15 M NaCl.

2.4. Purity of ferredoxins
The purified ferredoxins were analyzed by 30% polyacrylamide gel
electrophoresis [12] and SDS-polyacrylamide gel electrophoresis [13].

2.5. Amino-terminal analysis

Automatic Edman degradation of the ferredoxins were accomplished
on a gas vapor sequencer (Applied Biosystems model 470A). This
instrument was interfaced with an on-line phenylthiohydantoin (PTH)-
amino acid analysis system (Applied Biosystems model 120A). All se-
quencing and analysis programs were used as specified by the manufac-
turer.

2.6. Peptide map

Each ferredoxin was reduced with tri-n-butylphosphine and pyridyle-
thylated with 4-vinylpyridine in 0.5 M Tris-HCI (pH 8.5) containing
7 M guanidine hydrochloride and 10 mM EDTA. Digestion with
S. aureus protease V8 was performed in ammonium bicarbonate buffer,
pH 7.8, with an enzyme/substrate ratio of 1:50. Cleavage time was 24
h at 37°C . The resulting peptides were separated by reversed-phase-
HPLC on a TSK ODS-120T column (particle size 5 um, 4.6 x 250 mm)
with a linear gradient of acetonitrile. Elution profiles were obtained by
monitoring the absorbance at 210 nm.

2.7. Iron content
Iron content estimation of the ferredoxins was performed by colora-
tion of ferrous iron with o-phenanthroline [14] using a standard solution
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prepared by dissolving metallic iron in diluting hydrochloric acid and
diluted with 5% trichloroacetic acid. Each purified ferredoxin was pre-
cipitated by incubation at 0°C for 60 min with 5% trichloroacetic acid.
After centrifugation for 10 min at 12,500 x g, the resultant supernatant
solution was used for iron estimation.

2.8. Raman spectrum

Resonance Raman spectra were recorded by the use of an Ar™ ion
laser (457.9 nm) as described previously [6] except that the measure-
ments were conducted at 77 K: the sample was immersed into a liquid
nitrogen reservoir made up of quartz glass and the scattered light near
90° to the incident beam was collected. The spectral slit width was
6 cm™' and a multiscan averaging technique was employed. Each spec-
trum shown is the sum of five scans.

2.9. EPR spectrum

EPR spectra were measured at 10K on a JEOL FE3XG spectrometer
with a variable temperature cryostat (Air Products modet LTR-3-110)
for controling the sample temperature. Instrumental conditions were
as follows: microwave frequency was 9.0 GHz, microwave power was
1 mW, and modulation amplitude was 0.25 mT. Spin concentrations
were estimated by double integration of EPR signals using Cu-EDTA
as a standard.

2.10. Others

The absorption spectra were recorded with a Hitachi 3600 recording
spectrophotometer at ambient temperature. Estimation of protein con-
centration was done with Folin—Ciocalteu reagent [15] with bovine
serum albumin as a standard: the protein precipitated with 5% trichlo-
roacetic acid described in the ‘Iron Content’ section was dissolved in
10 mM potassium phosphate, pH 7.0, and used for the protein assay.

3. Results

3.1. Purification of M. smegmatis ferredoxins

Ferredoxins were purified according to the methods de-
scribed in section 2 using three hydrophobic column chroma-
tographies incorporating DEAE-cellulose (DE-32),
TOYOPEARL, and DEAE-TOYOPEARL. Fig. 1 shows a
typical separation profile of two M. smegmatis ferredoxins by
the TOYOPEARL column. Two brown peaks (designated as
Fd I’ and Fd I as shown in Fig. 1) were detected in the elution
with decreasing ammonium sulfate concentration. Each peak
exhibited UV-visible absorption spectra characteristic to bacte-
rial-type ferredoxin. Each brown fraction was further purified
by DEAE-TOYOPEARL column chromatography. The ferre-
doxins obtained by the chromatography were found to be
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Fig. 1. Elution profile of column chromatography on a TOYOPEARL
HW65C column in the presence of high concentrations of ammonium
sulfate and sodium chloride. Column size was 3 x 35 cm. Two ferredox-
ins were eluted with 50 mM Tris-HCI, pH 8.0 containing 2.2 M ammo-
nium sulfate/1 M NaCl. O, absorbance at 280 nm; ®, absorbance at
400 nm.
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Fig. 2. Polyacrylamide gel electrophoresis of the isolated ferredoxins
without SDS. The concentration of the gel was 30% acrylamide. Two
ug of each protein were applied to the gel. After electrophoresis proteins
were stained with Coomassie brilliant blue R-250. Lane I; Fd I, lane
2; Fd '+ Fd I, lane 3; Fd 1.

highly purified as judged by 30% native polyacrylamide gel
electrophoresis (Fig. 2). In the electrophoresis, Fd I" migrated
slightly faster than Fd I: the Rf values of Fd I and Fd I’ were
0.43 and 0.46, respectively. A faint brown band appeared in the
upper part in lane 1 and 2 disappeared by incubating the ferre-
doxin fraction with 5 mM dithiothreitol for 60 min at 20°C,
indicating that this faint band may be a dimer linked with
disulfide bridge. We also electrophoresed the purified ferredox-
ins in the presence of SDS and obtained the result that the two
ferredoxins co-migrated with each other and also co-migrated
with the known 7Fe ferredoxin which was described in the
previous paper [4] (data not shown). The results of the electro-
phoresis indicate that Fd I’ has a different net charge or differ-
ent molecular shape than Fd I. It was also concluded that Fd
I is the known 7Fe ferredoxin from the above results, together
with the several experimental data shown below.

3.2. Several differences among the two ferredoxins

The UV-visible absorption spectra of Fd I and Fd [’ are
shown in Fig. 3. As well as both exhibited two peaks around
280 and 400 nm, some differences in spectral shape were ob-
served: in Fd I’ two shoulders around 340 and 470 nm were
clear, while in Fd I only a shoulder around 310 nm was distinct.
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Fig. 3. UV-visible absorption spectra of the two purified ferredoxins.
The ferredoxins were dissolved in 50 mM Tris-HCl, pH 8.0/0.15 M
NaCl. The solid line indicates the spectrum of Fd I” and the broken line
indicates that of Fd I.

The latter spectral feature surely accords with that of the 7Fe
ferredoxin [4]. This spectral difference indicates that there are
some differences in the cluster-type and/or the microenviron-
ment around the Fe-S clusters of these two ferredoxins.

We then investigated the resonance Raman spectra at 77 K
to characterize the Fe-S clusters (Fig. 4). The spectrum of Fd
I was quite similar to that of the 7Fe ferredoxin reported earlier
[6]. That is, in the region of 300-400 cm™', five bands at 336,
347, 358, 368, and 388 cm™' were observed in Fd 1. However,
only three bands at 348, 368 and 390 cm™' were detected in Fd
I’. According to the assignments of Johnson et al. [16], the
bands at 336 and 358 cm™' are those characteristic to 4Fe
cluster even though these bands are observed commonly to be
very weak. On the basis of this Raman spectroscopic evidence,
it can be concluded that Fd I’ contains only the 3Fe cluster type,
whereas Fd I contains both a 3Fe and a 4Fe clusters.

To identify the number of the iron-sulfur clusters in the
isolated ferredoxins, iron and protein estimations were done by
the methods described in section 2. The Fe/ferredoxin molar
ratios measured were 6.2 and 7.4 for Fd I’ and Fd I, respec-
tively. This result suggests that Fd [ is a 7Fe ferredoxin and Fd
I’ is a 6Fe ferredoxin, respectively.

The EPR spectra of Fd I’ exhibited a typical [3Fe-4S] cluster
signal around g = 2.01. The temperature dependence and the
power saturation profiles of Fd 1" were quite similar to those
of the co-purified 7Fe ferredoxin, Fd I [17]. The spin concentra-
tions of Fd I and Fd I’ were estimated to be 0.84 and 1.62,
respectively. These EPR results also support that Fd I” is a two
[3Fe-48] cluster-containing ferredoxin.

3.3. Similarity of peptides in Fd I and Fd I'

The N-terminal amino acid sequences were determined by
automatic Edman degradation to examine the similarity of the
peptide parts of the purified ferredoxins. The results showed
that the sequences of the two isolated ferredoxins were the same
from the N-terminus to the 13th amino acid except for the 8th
amino acid residue which was not detected. In addition, the
obtained sequences are the same as that of the known 7Fe
ferredoxin from M. smegmatis except for the cysteine residue
at position 8 from the N-terminus [9]. For further characteriza-
tion of the peptide parts of Fd I and Fd I’, peptide maps for
the two ferredoxins were constructed according to the methods
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described in section 2 by using the pyridylethylated ferredoxin
hydrolyzed by S. aureus protease V8. The elution patterns of
the digested peptides from the HPLC column indicate that the
peptide parts of the two ferredoxins are the same within exper-
imental error (Fig. 5).

4. Discussion

From the evidences described in the preceeding sections, it
is clear that a new 6Fe ferredoxin is present in the extract of
M. smegmatis in the medium with high concentrations of am-
monium sulfate and sodium chloride. All spectroscopic data
indicated that the present 6Fe ferredoxin contains two [3Fe—4S]
clusters unlike the prismatic 6Fe protein from Desulfovibrio
desulfuricans which contains a single [6Fe-6S] cluster [18]. At
the present time, we have no direct evidence that this 6Fe
ferredoxin was produced within the cells, though it had the
ability to replace spinach ferredoxin in the reduction of cyto-
chrome ¢ with spinach ferredoxin-NADP* reductase and
NADPH [19]. In fact, several reports have appeared in which
conversion of 4Fe clusters into 3Fe clusters by the action of
potassium ferricyanide [20-22] or by exposure in air [23-25] was
mentioned. In this study the purification of the ferredoxins
were conducted in air. Therefore, it is neccesary to inquire as
to whether the conversion of the {4Fe-48S] cluster to a [3Fe-4S]
cluster might be involved during the purification. We examined
this type of conversion for the 7Fe ferredoxin of M. smegmatis
in the aqueous medium with high concentrations of ammonium
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Fig. 4. Resonance Raman spectra of the purified ferredoxins. Spectra
were recorded using 457.9 nm Ar” ion laser excitation (40 mW). The
spectral band width was 6 cm™. Upper spectrum; Fd I’ and lower
spectrum; Fd 1. Ferredoxin concentrations were ~10 mM in 50 mM
Tris-HCI, pH 8.0/0.15 M NaCl.
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Fig. 5. HPLC eclution profiles of peptides resulting from S. aureus
protease digested ferredoxins. The column material was TSK ODS-
120T. Eluent: (A) 0.06% trifluoroacetic acid in water, (B) 0.052% tri-
fluoroacetic acid/80% CH,CN. The gradient was from 2% B to 38% B
in 60 min, followed by 38% B to 75% B in 30 min. The flow rate was
0.5 mV/min.

sulfate and sodium chloride. However, no such conversion
could be evidenced.
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