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The methylviologcn-reducing hydrogenase opcron of MctkutroDucrcrirrrll tkrrrtroaurotropificulrl contains an open reading frame. rr11+16. the produci 
of which was prcdiclcd lo have a molecular weight of 44 kDa and lo contain as many as 48 iron alom in I2 [4Fc-4S] cluslcrs, and was thcreforc 
suggcncd to bc a polyfcrredoxin. We have now, for the first time. isolated this polyfcrrcdoxin. Its idcnlily with Ihcrnvl~Bgcnc product was cvidcnccd 
by a comparison of the N-terminal amino acid sequence. The dark-brown protein of apparent molecular weight 44 kDa was found 10 contain 53 
mol Fe and 43 mol acid-labile sulfur per mol. The UV/visiblc spectrum showed two maxima at 280 nm and 390 nm, and a shoulder at 308 nm. 
The AIddAz, ratio was 0.73. The molar cxlinciion coefficient al 390 nm was 170,000 M-’ *cm-l. In lhcdithionite rcduccd slate the protein displayed’ 

an EPR spectrum like thal of [4F&S] clusters. The rcsulls indicate ihat the r~vhs gene product is indeed a polyferrcdoxin. 

Polyferrcdoxin; Iron-sulfur protein; Hydrogenasc; Mcthanogenic bacteria: M~rltrmohucrcritrnt rllcfrrluuurcrtrupIrirur,t 

1. INTRODUCTION 

Metkanobacterium them~oautotropkiclrtn is a thermo- 
philic archaebacterium that grows on HZ and CO? while 
producing methane [I ,2]. The organism contains two 
Ni-Fe hydrogenases [3,4], a coenzyme FJZO-reducing hy- 
drogenase [5] and a methylviologen-reducing hy- 
drogenase (MV-hydrogenase), the physiological elec- 
tron acceptor of which is unknown [6]. 

The MV-hydrogenase of M. thermoctutotrophiclrm, as 
isolated, is composed of three subunits of apparent mo- 
lecular weights 52, 41 and 17 kDa, respectively [6,7]. 
The three genes mvhDGA encoding these three poly- 
peptides have been cloned and sequenced. They have 
been found to be organized in an operon which contains 
a fourth open reading frame designated mvhB. From the 
deduced amino acid sequence, the mvhB gene product 
was predicted to have a molecular weight of 44 kDa and 

Abbrevkztiorw: MV-hydrogcnase, mcthylviologcn-reducing hy- 
drogcnase; SDS-PAGE, sodiumdodccyl sulfate polyacrylamide gel 
clcctrophoresis; DTT, di[hioihreitol; CAPSO, (3-[cyclohexylamino]-2. 
hydroxy- I -propanesulfonic acid) 

M. tircmtouutorrophicwn (strain Mnrburg DSM 2133) was grown, 
harvcsled. and cell extracts wcrc prcpurcd from 20 g cells (2 g prod@ 
as described [7]. The cell cxtracl(50 ml, I .8 g protein) was centrifuged 
anaerobically at 160.000 x g for 30 min al Sac. All subscqucm pu- 
rification steps were performed in an anaerobic chamber at IS’C [q. 
All buffers used contained 2 mM dilhiothrcilol. 

Correspondence address: R. Hedderich, Laboratorium ftir Mikro- The 160,000 x d supcrnatinL(4S ml, 1.2 g protein) was Jilulcd I:2 
biologic, Fachbercich Biologic, Phiiipps-Univcrsitiit Marburg, Karl- whh 50 mM Triu’iiCI, pi-i i.6. and applied to a DEAE Sepharose i&i 
von-Frisch-StraDc. W-3550 MnrburpLahn, Germany. Fax: (49) flow column (2.6 x I5 cm) quilibralcd with 50 mM TrisIHCt, pH 7.6. 
(6421) 285 833. The column was washed wilh lo0 ml of lhis buffer followed by IO0 

to contain six tandemly repeated clostridial ferredoxin- 
like domains and was therefore predicted to be a poly- 
ferredoxin that could contain as many as 48 iron atoms 
in 12 [4Fe_4S] clusters [S]. 

The rnvhB gene has also been found in the MV-hy- 
drogenase operon of h4erhunorhermus firvidus [9] and 
Methanococcus voke [lo] and shown LO be conserved. 
It was therefore postulated that the function of ttzvtd3 
gene product must somehow be associated with that of 
the MV-hydrogenase. Until now this gene product has, 
however, not been detected in any of the methanogenic 
bacteria investigated. 11s isolation from A.$. drermoutrto- 
trophicunz (strain Marburg) and characterization are 
described here. 

2. MATERIALS AND METHODS 

All column materials and FPLC columns wcrc from Pharmacia 
(Freiburg, C&many). YM 30 membranes, Ccnlricon 30 and Ccn. 
tricon 100 microconcentrators were from Amicon (Willen, Germany). 
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1111 0.2 M N&I. 100 ml 0,28 M NitCI. 100 1111 0.32 M N;Kl, 100 ml A6 C 
0.44 M NaCI, and 100 ml I h? NaCI in 50 mM Tris/HCI pH 7,6 at 
a How rote of 2 mllmin. The 0.32 M fraction contnincd the FJ1,l- 
reducing hydroycnasc activity and the polyfcrrcdoxin, as rcvcalcd 
subsequently. 

w e 94 kDa 

B e 67 kDa 

43 kDa 
The 0,32 M NaCl fraction (80 ml. 400 my protein) was made to : .4 

M in (NH4)$OJ and loaded onto a Phenyl Scphdrose HiLoad column 
(2.6% IO cm). The column was washed with 40 ml of I.4 M (NH,LSO, 
in 50 mM T&HCl. pH 7.6. followed by 40 ml 0.8 M (NH&SOJ, 4i 
ml 0.6 M (NHJ$O,. SO ml 0,5 M (NH&SO,. 50 ml 0.4 M (NH&SO,. 
50 ml 0.2 M (NHJISOJ. and 100 ml SO mM TridHCI, pH 7.6. Theo.5 - a- 30 kDa 

M fraction (25 ml. 20 mg protein) was brown in colour and the 
dominant protein had an appilrcnt molLrular weight of44 kDa. The 
F,,,-reducing hydrogcnnse was rccovcrcd in the fraction which clutcd 
in the absence of (NH,),SO,. 

- e 20.1 kDa 

The 0.5 M (NH.J#$ fraction wus dctiltcd. conccntratcd by ul- 
trafiltration (I’M 30 mrmbranc, cut~off 30 kDa), and applied to a 
hydroxylapatitc column (I .6 x IS cm) equilibrated with 30 mM potas- 
sium phosphate, pH 7. The column was washed with 40 ml of this 
buffer followed by SO ml 100 mM potassium phosphate, pi-l 7, and by 
SO ml 500 mM potassium phosphate, pH 7, at a flow rate of 3 ml/min. 
The 100 mM potassium phosphate cluatc (20 ml, IO mg protein) 
contained the polyfcrrcdoxin. It was further treated by ultraftltration 
with Ccntricon 100 microconccntralors (cut-off 100 kDa). The filtrate 
contained the polyfcrredoxin (20 ml, 2 mg protein) which was then 
desalted on Centricon 30 microccntrators (cut-off 30 kDa). The dc- 
sdltrd sample was chromatographcd on a Mono Q IO/IO column equi- 
librated with SO mM TridHCI, pH 7,6. The column was washed with 
20 ml of this buffer and orotcin was clutcd with a linear NaCl gradient 
(0.3-0.6 M). The protein was concentrated and desalted wih Cen- 
tricon 30 tnicroconccntrators and stored at 4°C in 50 mM TridHCI. 
pH 7.6, plus 2 mM DTT. 

Bcforc determination of non-heme iron and acid-labile sulfur the 

- - 14.4 kDa 
Fig. I, Analysis of the purified polyferredoxin by SDS-PAGE. Separa- 
tion was on 12% slab gels (8 x 7 cm) which were subsequently stained 
with Coomassic brillant blue R 250. (Lane A) Polyferrcdoxin (3 pg 
protein) alkylatcd with iodoacetamidc as described in [I I]. Prior to 
SDSPAGE the protein was boiled in a solution containing 200 mM 
Tris/HCI. pH 8. 1% SDS and I3 mM DTT for 5 min. After boiling 
the solution was made to 100 mM in iodoacclamide and incubated Tot 
30 min at 20°C: (lane B) polyfcrredoxin (3 pg protein). Prior to SDS. 
PAGE the protein was boiled in a solution containing 62 mM Tris/ 
HCI, pH 6.8, 7% SDS and 16 mM DTT; (lane C) molecular weight 
standards from Pharmacia (Frciburg. Germany; elcctrophoresis 

calibration kit for low molecular weight proteins). 

DNA sequence of the n&B gene. Via this procedure the 
following sequence was obtained: 

prolcin solution was incubated with 1% Chclex IO0 (Bio-Rad Labo- 
rutories. Mtinchen. Germany) for 20 min. MIVVNKEDCIRCGACQGTCPTAAIEVTP 

3. RESULTS 

The purification procedure described in Materials 
and Methods resulted in l-2 mg of a dark-brown pro- 
tein. In the following it is shown to be the mvhB gene 
product and to be a polyferredoxin. 

acid sequence 
SDS-PAGE of the purified protein revealed only one 

band, of apparent molecular weight 44 kDa, which was, 
however, broad and fuzzy (Fig. I), a property fre- 
quently observed for proteins with high cysteine con- 
tent. Alkylation of the protein with iodoacetamide prior 
to SDS-PAGE yielded two distinct bands of apparent 
molecular weights of 60 and 56 kDa. 

The apparent molecular weight of the native protein, 
determined by gel filtration on Superose 12, amounted 
to 95 kDa. 

The N-terminal amino acid sequence of the 60 kDa 
iodoacetamide alkylated protein was analyzed after 
transfer from SDS polyacrylamide gel onto Pro Blott 
PVDF membrane (Applied Biosystems, Weiterstad, 
Germany) as described in [!2]. The method employed 
did not allow discrimination between S-carboxamido- 
methyl cysteine and glutamate. The decision for cystc- 
ine or for glutamate was made such as to best fit the 

This sequence differs only in position 3 from the amino 
acid sequence deduced from the DNA sequence of the 
rwltB gene in M. tkcr~~~ouutotropiticcrr~~ (strain H) [S] in 
which an isoleucine- rather than a valine triplet is found 
181. This small deviation might be caused by the fact that 
the polyferredoxin was isolated from the Marburg 
strain of M. tlzerr?loarrtotrop~licutn, whereas the DNA 
sequence of the gene was obtained for the dH strain of 
M. titertmautotroplticrm. The DNAs of the two strains 
have been shown to hybridize only to 46% [13]. 

3.2. iron and mid-labile stdfur cotlrent 
The purified protein contained, per mg protein (quan- 

titated by amino acid analysis as described in [14]), 1.2 
,umol non-heme iron (analyzed by the method of Fish 
[ 151) and 0.96 ymol acid-labile sulfur (determined as 
described by Cline [16]). Per mol, the protein thus con- 
tains 53 mol Fe and 42 mol acid-labile sulfur which is 
in agreement with the prediction that the tm&B gene 
product might contain as many as 12 [4FedS] clusters. 

3.3. UV/,~isi~ie spectrum 
The UV/visiblc spectrum exhibited the characteristics 

of typical clostridial ferredoxin spectra with absorption 
maxima at 280 nm and 390 nm and a shoulder at 308 
nm (Fig:. 2). The A3&Azti0 ratio was 0.73. The extinction 
coefficient at 390 nm was calculated to be 170,000 
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Fig. 2. Absorption spectrum of the purified polyferredoxin (95 pg 
prolein in 0.6 ml SO mM Tris/HCI, pH 7.6) (A) in the oxidized and (6) 
in lhe dithioniu reduced state. The maxima at 280 and 390 nm and 
a shoulder at 308 nm nre marked by arrows. The ratio AIYd,-izM of the 

preparation was 0.73. 

M-l -cm-‘. For a comparison, the EjqO of clostridial ferre- 
doxin with 2 [4Fe-4S] clusters is 30,600 M-l *cm-’ [ 171, 
The t-z3Y0 is thus in agreement with the presence of 6 x 
2 [4Fe-4S] clusters. 

When the polyferredoxin was reduced with dithionite 
the absorbance at 390 nm decreased, a property charac- 
teristic for clostridial ferredoxins. The maximal d&39D 
(ox-red) observed was 54,000 M-l *cm-‘. 

3.4. EPA properties 
In the oxidized form (as isolated) the polyferredoxin 

showed an EPR signal typical for a [3Fe-4S] cluster 
(Fig 3). The intensity of this signal varied with the 
preparation and amounted to S-SO% of the polyferre- 
doxin concentration. It could be enhanced several-fold 
by stirring the solution in air. Dithionite removed it and 
induced a broad signal in the g = 2.1 to 1.8 region (Fig. 
3). In several preparations the intensity of this signal 
maximally amounted to S-times the polyferredoxin con- 
centration. Hence, only roughly half of the expected 
amount of [4Fe--4S] clusters was detected here. 

3.5. Reduction of rhe polyferredoxirt wirlt If2 catalyzed 
by he MV-hydrogenuse 1 

The rate of polyferredoxin reduction with H7 at 120 
kPa was measured at a concentration of 2 ,uM polyfer- 
redoxin (0.09 mg protein/ml) in the presence of 17 U 
MV-hydrogennse (isolated as in [7]; 870 U/m& protein 
assayed with benzylviologen as electron acceptor; 1 U 
= 2 ymol benzylviologen reduced per min at 60°C at pH 
7.6) by following the decrease in absorbance at 390 nm 
using a ds3w (ox-red) of 54,000 M-l *cm-‘. The specific 
rates observed were 15 nmol polyferredoxin reduced per 
min and mg hydrogenase protein at 60°C in 50 mM 
Tris/HCl, pH 7.6, corresponding to 90 nmol H2 oxidized 
per min and mg protein assuming that 6 mol Hz are 
required to reduce 1 mol of polyferredoxin. Different 

L 
a.a a.1 et.0 1,s 1 .a 1.7 

0 - VALUE 

Fig. 3. EPR spectra of pure polyferredoxin (16Opg protein in I ml SO 
mM Tris/HCI, pH 7.6). (Lower spectrum) sample as isolated; (Upper 
spectrum) sample after reduction with a few grains of dithionite. EPR 
conditions: microwave frequency. 92SfLS MHz; temperature, I3 K; 
microwave power incident to thccavity, 3 mW; modulation amplitude, 
I.25 mT. The gain for the upper spectrum is 4%times that of the lower 

spectrum. 

buffers and pH values (50 mM TrislHCl pH 8.5,50 mM 
CAPS0 pH 9.0,400 mM potassium phosphate pH 7.0) 
were tried in order to obtain higher specific activities 
but without success. 

4. DISCUSSION 

Methylviologen-reducing hydrogenase is considered 
to be involved in at least one step in CO2 reduction with 
Hz to methane, which in M. therr~toautorrophicm cells 
proceeds at the specific rate of 3--4~mol~min-’ srng pro- 
tein-* [ 181. This is the minimal specific rate at which the 
hydrogenase thus has to catalyze the oxidation of Hz. 
The finding that with polyferredoxin as electron ac- 
ceptor the specific rate is only 0.09 ~mol*min-' emg-I 
makes it questionable whether this interesting protein 
is the physiological electron acceptor of the viologen- 
reducing hydrogenase although thi:: cannot be excluded. 
For experimental reasons the specific activity had to be 
determined at very low polyferredoxin concentrations 
(2 PM) which were not saturating. 

In Cfosrridia, ferredoxins function both as electron 
carriers and as iron storage proteins [19,20]. It can 
therefore also be envisaged that the polyferredoxin 
stores iron for the synthesis of the MV-hydropnase 
which contains 19 Fe per mol [6]. 

It is interesting to note that sulfate-reducing bacteria 
contain a high molecular weight 65.5 kDa cytochrome 
c with 16 hemes [21.22], for which a function as electron 
acceptor for hydrogenase is discussed. 
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