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SUMMARY : Hydrophobic interaction chromatography of coenzyme F,4jp-reducing
hydrogenase purified from Methanobacterium formicicum depleted protein-bound
FAD and eliminated the ability to reduce coenzyme F45p. Preincubation of the
FAD-depleted hydrogenase with FAD restored 85% of the coenzyme F,jg-reducing
activity. FMN did not replace FAD. A Kd of 12 pM was estimated for FAD.
Analysis of the reactivated hydrogenase following molecular sieve column
chromatography showed that FAD was bound to protein. The results indicate
that protein-bound FAD is reversibly removed from the coenzyme Fy4op-reducing
hydrogenase and that this flavin is required for the reduction of coenzyme

Fro0°

INTRODUCTION: Hydrogen-oxidizing methanogenic bacteria obtain energy for
growth by the reduction of CO2 to CH4 but 1little is known of the electron

transport pathways. The oxidation of H2 py hydrogenase provides the source of

electrons for CO2 reduction. Several species of Methanobacterium each contain

two hydrogenases distinguishable ty their specificity for electron acceptors
(D. P. Brown and J. G. Ferry, Abstr. Annu. Meet. Am. Soc. Microbiol. 1980,
K33, p. 132) (1-3). Both enzymes from each organism reduce the artificial dye

methyl viologen but only one (F -hydrogenase) reduces coenzyme F (F ),

420 420 ° 420

a 8-hydroxy-5-deazaflavin (4) present in all methanogenic bacteria tested.

The F420—hydrogenases from the methanogenic bacteria are unstable and few have

been purified (1-3,5,6). The F420—hydrogenase from Methanobacterium thermo-

autotrophicum contains nickel, iron-sulfur centers and bound FAD (1,3). It is
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postulated that FAD could transfer electrons from one-electron centers to the

two—electron acceptor F (1,3). Here we show that FAD can be reversibly

420

removed from the F420—hydrogenase purified from M. formicicum and that this

flavin is required for the reduction of F420.
MATERIALS AND METHODS: D-amino acid oxidase, FAD (grade III), and FMN (grade

I), were purchased from Sigma Chemical Co. F420 was purified as described
(7).

The growth of M. formicicum, preparation of extract and fractionation of
extract by ammonium sulfate is described (7). The general anaerobic proce-
dures were as described (7) except O _-free H_ replaced N_. Anaerobic buffer
contained 1 mM sodium dithionite, 1 fiM 2-mer<2_aptoethanol, and 10 mM MgCl_ in
0 —free 50 mM Tes buffer (pH 7.5). Solid ammonium sulfate was added to cTude
e&tract to give 60% of saturation (0°C) followed by centrifugation at 47,000 x

for 20 min. The pellet was redissolved in anaerobic buffer that contained
1.5% Triton X-100 (vol/vol), incubated 5 min on ice, and applied to a DEAE-
cellulose column (5 x 11.6 cm) equilibrated with anaerobic buffer. The F4 o
hydrogenase which reduced both F420 and methyl viologen was eluted with %wo
bed volumes of anaerobic buffer. " This step separated the F, _-hydrogenase
from a second hydrogenase peak that reduced methyl viologen4200ut contained
little F ZO—reducing activity (methyl viologen-hydrogenase). This latter
hydrogenaée activity could be subsequently eluted with a l-liter linear gradi-
ent of KC1 (0.0-0.5 M). The fractions which contained F -reducing activity
were pooled and concentrated to 15 mg protein/ml by uftzroafiltration (YM-30
membrane, Amicon Corp.) and a portion of this concentrate chromatographed
through a Sephacryl S$-300 column (2.5 x 42 cm) equilibrated and washed with
anaerobic buffer that contained 0.5 M KCl. Peak fractions that contained
F, , -reducing activity were pooled and loaded onto a Phenyl-Sepharose column
(529 X 15 cm) that was equilibrated with anaerobic buffer containing 0.5 M
KCl. The column was washed with 250 ml of anaerobic buffer and the F42 -
hydrogenase was then eluted with 400 ml of anaerobic buffer that contamgd
1.5% (vol/vol) of Triton X-100. Protein was determined by the Bradford assay
with bovine serum albumin as the standard (8). Triton X-100 was removed from
samples for protein determination as described (9).

The assay for hydrogenase was performgc} agrilerobically at 25°C by follow-
ing the_lred_ulction of F 0 (64 = 42.5 mM cm ) or methyl viologen (€ =
11.3 mM "¢cm 7) with a ltzerkin 2I"?lmer 552 spectrophotometer as described ftq%))
The reaction mixture contained, in micromoles per ml: 2-mercaptoethanol, 20;
potassium phosphate buffer (pH 7.5), 50; and either F , 0.048 or methyl
viologen, 20. The reaction was initiated by the addié%gn of enzyme. H_-
independent activity determined in control assays substituting N_ for H w%s
subtracted from the assays with H_ except where indicated. A unitl)' of act%vity
equals the amount of enzyme tha7t reduces 1 umol of acceptor per minute and
specific activity is expressed as units per mg of protein.

Hydrogenase reactivation experiments were performed by preincubating the
hydrogenase with FAD or FMN at 25°C in a sealed, H _-filled serum vial. The
enzyme was added to O _-free stock solutions of the appropriate flavin in 50 mM
potassium phosphate bffer (pH 7.5) to give the indicated final concentrations,
and assayed after the indicated times.

Samples were assayed for FAD after boiling for 5 min and removal of
precipitated protein by centrifugation. The FAD assay was based on reconsti-
tution of D-amino acid oxidase which specifically requires FAD for activity.
Apo-D-amino acid oxidase was produced as described (11). The assay mixture
was based on the described procedures (12) and contained the following:
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D-phenylglycine, 7.5 nanomoles; apo-D-amino acid oxidase, 0.14 mg; FAD or
unknown, up to 100 pmoles; in 1 ml of 0.05 M sodium pyrophosphate buffer. The
apo-D-amino acid oxidase and the sample containing FAD were incubated in the
dark at 37°C for 20 min. The reaction was then initiated by the addition of
D-phenylglycine and the reaction rate at 37°C was followed spectrophotometric-
ally at 252 nm. The amount of FAD present in samples was calculated from
standard curves obtained with FAD in buffers identical with that of the sample.

Aliquots for nickel and iron analyses were hydrolyzed in 1 N HNO_, and
analyzed using a Perkin-Elmer 2380 atomic absorption spectrophotometer %itted
with an HGA-400 graphite furnace assembly.

RESULTS AND DISCUSSION: Purification of the Fazo—hydrogenase from M. formici-

cum is shown in Table 1. 1In the final step, hydrophobic interaction column

chromatography with Phenyl-Sepharose resulted in the complete loss of F420-

reducing activity although the specific activity assayed with methyl viologen
was maintained. In addition to the loss of Fazo-reducing activity, FAD was
depleted by 77% in this step. Preincubation of this FAD-depleted preparation

with 40 uM FAD restored the ability to reduce F 20 (Fig. 1) which suggested a

4

FAD requirement for this activity. This reactivation of F420—reducing activ-
ity by preincubation with FAD was time dependent and reached maximum activity
after 3 min. Most of the reactivation occurred within 0.5 min when 0.4 M
ammonium sulfate was added to the preincubation mixture. The time course of
reactivation was similar when 0.3 M KCl or 0.3 M NaCl replaced ammonium sulfate

in the preincubation mixture. The small amount of reactivation (25% of maxi-

mum) obtained by preincubation with ammonium sulfate alone (Fig. 1) probably

Table 1. Purification of F420-hydrogenase from M. formicicum

Sp act (U/mg)

Step Total amount of Total amount of
d with:
protein (mg) assaye FAD (nmoles)
methyl F
viologen 420
DEAE-cel lulose® 399 22.7 0.56 N.D.P
Sephacryl S$-300 27 63.6 1.24 11.4
Phenyl-Sepharose 8 62.0 0 2.6

aThe DEAE-cellulose column was loaded with 257 units of F 20"
reducing hydrogenase activity contained in 1005 mg of protein érgcipitated
from cell extract (112 ml) with ammonium sulfate. The cell extract con—
tained 23.8 mg protein/ml and 2.3 units/ml of F42 -reducing hydrogenase
activity. A portion of the pooled F4 O-hydrogenage peak that eluted from
the DEAE-cellulose column (127 mg pro%ein) was further purified as shown.
See also Materials and Methods.

bNot determined.
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Figure 1. Time dependent reactivation of F zo—reducing activity in the pres-
ence of FAD. FAD-depleted Fl‘2 —hydr&%enase (3.4 pg protein) obtained
from the Phenyl-Sepharose coluﬂ% (Table 1) was preincubated for the
indicated times at 25°C with 40 uM FAD (o), 40 pM FAD and 0.4 M ammonium
sulfate (m), or 0.4 M ammonium sulfate (a), and then assayed for F, -

420
reducing activity.

Figure 2. Effect of the concentration of FAD on the reactivation of F , -
reducing activity. Samples of the F,_ ~hydrogenase (2.7 ng protein) é%gt
eluted from a Phenyl-Sepharose column  (Table 1) were preincubated 5 min
with the indicated concentrations of FAD and 0.4 M ammonium sulfate and
then assayed. Symbols: (0), activity assayed with methyl viologen; (W),
activity assayed with F420

resulted from the incorporation of residual, unbound FAD (Table 1) into the
protein component. The reactivation was also dependent upon the concentration
of FAD (Fig. 2). Maximum activity was obtained after preincubation with
approximately 30 uM FAD in the presence of ammonium sulfate. No significant
F420-reducing activity was obtained when up to 100 uM FMN replaced FAD in the
preincubation mixture (data not shown). A kinetic Kd of 12 uM for FAD was
estimated from a double reciprocal replot of the data in Fig. 2.

Most (85%) of the F,_ -reducing activity that was applied to the Phenyl-

420
Sepharose column was recovered following reactivation with FAD. The specific
activity of the reactivated peak fractions was 6.2 which represents a substan-
tial (65-fold) purification over crude extract. Estimation of the purity of

the F420-hydrogenase of M. formicicum by gel electrophoresis was not possible

because the enzyme was unstable during this procedure, yielding multiple
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