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1. Introduction 

The membrane-bound hydrogenase [EC 1.12.-.-l 
ofEscherichia coli is involved in the energy-conserving 

oxidation of hydrogen [l-4] via fumarate reductase 
[EC 1.3.99.11 and also in the formate hydrogenlyase 
pathway which converts formate to COZ and Hz [5]. 
E. coli hydrogenase from aerobically grown cells has 

been isolated and characterised [6] and the enzyme 
from anaerobically grown cells has been partially 

characterised [7]. Antibodies specific for Bacillus 
subtilis membrane-bound succinate dehydrogenase 

[EC 1.3.99.11 have been raised from activity-stained 

precipitin arcs located after analysis of crude frac- 

tions by crossed immunoelectrophoresis using anti- 
sera raised to detergent-solubilised membranes [8]. 
We have used a similar approach to prepare antibodies 

specific for E. coli hydrogenase and its use has 
enabled the subunit MW of the enzyme from anaero- 
bically grown cells to be determined. We also report 

the isolation and immunological characterisation of 

two new E. coli mutants which specifically lack 
hydrogenase activity. 

2. Materials and methods 

2.1. Cell growth and preparation of detergent- 
solubilised membranes 

E. coli (strain A 1002) was grown anaerobically at 
37°C for 12-16 h in 5 1 of mineral salts medium [9] 
supplemented with glucose (0.5% w/v), bacteriological 
peptone (0.5% w/v), 1 mM MgC&, L-isoleucine, 
Lvaline and L-methionine (20 pg/ml of each), 1 PM 
(NH4)6Mo,024 and 1 PM KZSe03 adjusted to pH 6.4. 
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The cultures were harvested [lo], washed once with 

50 mM Tris-HCl pH 7.5, and broken in the same 

buffer, but containing the protease inhibitor 5 mM 
benzamidine-HCl in the presence of DNase and 

RNase, using a French pressure cell (30 000 lb ind2). 
Unbroken cells were removed by centrifugation at 

12 000 X g for 15 min and the membrane fraction 
sedimented by further centrifugation of the super- 

natant at 250 000 X g for 1 h. The membranes were 
washed once in the above buffer and resuspended in 

the same buffer to a protein concentration of 15-20 

mg/ml. Triton X-IOO-dispersed membranes were 

prepared by the addition of Triton X-l 00 to the 
membrane suspension to a final concentration of 4% 
(w/v) and, after incubation at 4’C for 1 h, centrifug- 
ing at 250 000 X g for 1 h. The supernatant was 

immediately stored as 20 ~1 beads in liquid nitrogen 
until required. 

Cell labelled with [ 35S] sulphur were obtained as 

previously [ 1 l] except that the growth medium also 

contained Na fumarate (5.8 g/l) and casein hydroly- 
sate (0.1 g/l). Cells were harvested, membrane vesicles 
prepared and treated with Triton X-l 00 as described 
above. For analytical purposes mutant E. coli strains 
were grown anaerobically overnight in 100 ml cul- 

tures at 37’e in a minimal salts medium [9] adjusted 
to pH 6.5, containing glucose (0.4%, w/v), casein 

hydrolysate (O.l%, w/v) and L-methionine (lops/ml). 
The cells were harvested, washed once with growth 
medium lacking added carbon source and suspended 
in 20 mM barbitone-HCl pH 8.6 to A600 2 10 
(-1-2 ml). The cells were broken by ultrasonic treat- 
ment and unbroken bacteria were removed by cen- 
trifugation as above. The supernatant was used directly 
for enzymic analysis. For immunological analysis, 
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Triton X-100 was added to a tinal concentration of 
4% (w/v) and, after placing at 4°C for 1 h, was cen- 
trifuged at 250 000 X g for 1 h. The supernatant was 
either analysed directly or stored in liquid nitrogen. 
The E. c& strains used in this study are i&ted in 
table t, 

2.2. An tibady production 
Membrane vesicles (10 mg protein/ml) were pre- 

pared as described above, washed three times and 
used to immunise a rabbit. On days 1 and 4 the rabbit 
was injected s,c. above the scapula with an emulsion 
of 200 ~1 membrane vesicles and 200 ~1 Freund’s 
complete adjuvant (Difco Labs,, Detroit, MI, USA). 
On days IO, I7 and 24, the rabbit was injected with 
200 ~.ll membrane veaictes in the absence of adjuvant, 
From day 28 the rabbit was bfed once weekly (20 ml 
blood) and the serum obtained was termed anti- 
membrane vesicle serum. 

Hydrogenase-specific antiserum was raised against 
excised hydrogenase-activitystained precipitin arcs 
located on crossed immun~lectrophowsis plates of 
Triton X-I 00-sofubilised membranes (K co& strain 
A1002) anafysed with anti-“membrane vesicle’“semm. 
The piates were also stained for protein with Coomassie 
blue and the hydrogenase-containing arcs from 3 air- 
dried plates were removed with a scdpel, taking care 
not to remove parts of other ~reci~~t~~ arcs. The arcs 
were homo~en~sed wit& 400 @l 50 m&f Tris-HC1, 
pH 7.5 and 400 @ Freund’s comp‘tete adjuvant, and 
injected S.C. into a rabbit on day 1. This process was 
repeated on days 7,14 and 21 except that on the last 

two occasions the adjuvant was omitted. The rabbit 
was bled twice each week from day 2g. 

The immunoglobuhn fraction from sera was puri- 
fied as described by Harboe and Ingild f 12 J. Antisera 
and ~mmuno~obu~ins were stored at -20°C. 

AbsorFt~on of the a~ii-hydrogenase-semm was 
performed on 3 ml of ~n~muno~obu~in fraction (from 
15 ml of serum) with 1 I 1 ml of Triton X-l OO-solu- 
bilised membranes from strain FDlO prepared as 
described above. The absorption was allowed to pro- 
ceed overnight at 4°C and the supernatant obtained 
after removal of the immunoprecipitate by centrif- 
ugation (10 000 X g X 4 min), was specific for 
hydrogenase by the criterion of crossed immunoeIec- 
trophoretic analysis. 

Crossed im~nu~oe~~ctro~horesis of Triton X-100- 
solubihsed membrane vesicles was performed essen- 
tially as described in [13]. Barbital-HC1 buffer (& = 
0.04, pH 8.6) containing 1% (W/Y) Triton X-100 was 
used throu~~~t, E~ectrophore~s of 5 1.11 sampfes was 
performed in 1% agarose gels on 5 X S cm glass plates 
in a water-cooled chamber. “Rocket” immunoelectro- 
phoresis was performed in the same manner as the 
second dimension for the crossed immunoelectro- 
phoresis except that the 2 mm diameter wells were 
c& in the positions shown in fig.3. ~reci~~t~~ arcs 
were detected by staining with Coorna~j~ blue. 
Hydro~n~se activity was specifically fooated by 
immersing the washed plate in 50 mM phosphate 
buffer, pW 6.8 containing 1 mM benzjrl viologen, 
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1 mM methyl viologen and 1 mM 2,3,5triphenyl- 

tetrazolium chloride. This solution was sparged con- 
stantly with a mixture of 95% Hz and 5% Cd, until 

the red-coloured hydrogenase-specific precipitin arc 
appeared. The plates were stained for protein as 

described above. 

2.4. Polyacrylamide gel electrophoresis and assay 
procedures 

Electrophoresis under non-dissociating conditions 

was performed at pH 8.9 in 7.3%(w/v) polyacrylamide 

gels as in [ 141. Activity staining of gels for hydro- 
genase was performed as described above. 

Electrophoresis in the presence of dodecyl sulphate 

was performed in 10% (w/v) polyacrylamide gels 
[ 151. Determinations of MW were made using the 

following marker polypeptides: glycogen debranching 
enzyme, 167 000; phosphorylase b, 100 000; bovine 

serum albumin, 68 000; catalase, 60 000; heavy chain 

immunoglobulin, 50 000; ovalbumin, 43 000. 

The distribution of [35S] radioactivity in 1 mm 
slices of polyacrylamide gels was determined by 
liquid scintillation counting [ 161. The distribution of 
lzsI radioactivity in polyacrylamide gels was mea- 

sured directly in 1 mm gel slices using a gamma spec- 

trometer. 

Formatedependent reduction of 2,6-dichlorophe- 

nolindophenol (mediated by N-methylphenazonium 
methosulphate) and of benzyl viologen [lo] and the 

hydrogen-dependent reduction of benzyl viologen 
[ 171 were assayed as described previously. Protein 
was assayed by the method of Lowry et al. [ 181 using 

bovine serum albumin as standard. 

3. Results and discussion 

3.1. Production of antiserum specific for E. coli 
hydrogenase 

Analysis of Triton X-lOO-solubilised membrane 
from anaerobically grown wild type E. coli (strain 
Al 002) by crossed immunoelectrophoresis using 
anti-“membrane vesicle”-serum produced, as expected, 

a large number (-15) of protein-stained precipitin 
arcs. Activity staining of the immunoplate for hydro- 
genase activity, prior to staining for protein, gave a 
single, symmetrical, stained arc. Marking of the activ- 
ity-stained arc allowed the hydrogenase containing 
arc to be identified as a major component in the 
protein-stained plate (fig.la,b). Fig.l(a) does not 

‘$, 
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Fig.1. Crossed immunoelectrophoretic analysis of antiserum 
to membrane vesicles and to hydrogenase. Triton X-lOO-solu- 
bilised membranes (5 ~1) of strain A1002 was electrophoresed 
in each case. (a) The second dimension employed 300 ~1 of 
anti-membrane vesicle-serum mixed with 2.35 ml of buffered 
agarose. Stained for protein; (b) as (a) but stained for hydro- 
genase activity; (c) the second dimension employed 250 ~1 
of absorbed anti-hydrogenase immunoglobulin fraction mixed 
with 2.4 ml of buffered agarose. Stained for protein; (d) as 
(c)but stained for hydrogenase activity. 

reveal all the precipitin arcs that could be detected 
by this procedure since the conditions for electro- 

phoresis were such that good resolution of the 

hydrogenase-containing arc from the other protein- 

staining arcs was obtained. The absence of an activity- 
stained arc when Nz is used in place of Hz indicated 
that the activity was indeed due to hydrogenase. 

Almost identical results were obtained when Triton 

X-lOO-solubilised membrane vesicles from the other 
wild-type E. coli strains (EMG-2 and P4X) used in 
this study, grown under the same conditions, were 
examined. 

Antiserum specific for hydrogenase was obtained 
by immunising a rabbit with excised hydrogenase 
activity-stained precipitin arcs from crossed immuno- 
electrophoresis plates as described in Section 2. The 
antiserum so obtained gave two precipitin arcs on 
crossed immunoelectrophoretic analysis of Triton 
X-100~solubilised membranes from wild type (strain 
A1002); a major arc which stained for hydrogenase 
activity, and a minor arc, lacking hydrogenase activ- 
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ity, produced by an electrophoretical~y very 
mobile component in the detergent extract. Anti- 

bodies to this non-active component were also found 

in the pre-immune serum from the immunised rabbit, 

suggesting that it was unrelated to hydrogenase. 

Triton X-lOO-solubi~ised membrane preparations 

from a hydrogenase-de~cierlt mutant of E. coli (strain 
FDIO) isolated in this study, completely lack an 

antigen that corresponds to wild-type hydrogenase 
(see Sections 3.3 and 3.4). Exploiting this knowledge 

the antibodies to the non-hydrogenase component 
were removed by irllmunoabsorption of the immuno- 

globulin fraction of the antiserum with a small amount 

of the solubilised membranes from the mutant (strain 

FDlO). The hydrogenase-active precipitin arc formed 

in crossed immunoelectrophoretic analysis remained 

unaltered in size by the immul~oabsorption procedure 
whereas the minor inactive arc was completely 

removed. Results of the analysis of the absorbed anti- 

hydrogenase preparation are shown in fig.1 (c) and (d). 

3.2. Polypep tide analysis of hydrogenase 
The polypeptide composition of the enzyme 

catalysing the Hz-dependent reduction of benzyl 
viologen in wild type E. c&was established by dodecyl 
sulphate polyacrylamide gel analysis of immunopre- 
cipitates recovered from 35S-labelled solubilised 
membranes, using the hydrogenase-specific antibodies. 
The result of such an experiment is shown in fig.2. A 
single radioactive band was obtained of M, = 58 000. 
An indistinguishable result was obtained when a 

Triton X-100~solubilised extract from a non-radio- 
active growth was 1251-radioiodinated using Chlora- 

mine T and analysed in the same way. The nature of 
the radioactivity located at the dye front of the gels is 
unknown. 

This result is in close agreeement with that of 
Adams and Hall [6] who reported that hydrogenase 
purified from areobically grown E. coli was composed 

of a single type of polypeptide of M, = 56 000. Our 
results are inconsistent with the view [ 191 that there 
are multiple molecular forms of the enzyme in E. coli. 

3.3. Mutant isolation and genetic characterisation 
Two independent mutants deficient in hydrogenase 

activity (table 1) were identi~ed using the general 
procedures and dye overlay technique used previously 
for the isolation of formate dehydrogenase-deficient 
mutants [20]. Such mutants differed from fdhA and 
fdhf3 mutants [21] in that, although they lacked 
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Fig.2. Polyacryiamide gel analysis of immunopre~pitated 
hydrogenase. Dodecyl sulphate polya~ryiamide gel analysis 
of the total immunoprecipitate obtained when 340 ~1 of 
Triton X-100solubilised membrane vesicles from a 35S-labelled 
culture of wild type strain (EMG-2) was challenged with 
400 ~1 of the absorbed antibodies to hydrogenase. Immuno- 
precipitation proceeded for 1 h at 20°C and overnight at 4°C. 
The immunoprecipitate was recovered and treated as described 
by Werner [24]. 

formatedependent benzyl viologen reductase 
activity, they retained some formate-dependent, 
~-methylphen~onium methosulphate-mediated, 
2,6-dichloropheno~indophenol reductase activity. 
Furthermore such mutants lacked hydrogen-depen- 

dent benzyl viologen reductase activity (table 2) 
unlike fdhA andfdhB mutants, and, thus, they 
phenotypical~y resemble the hyd mutants described 

earlier (221. Previous work had suggested that the hyd 
allele was located at about 58 min on the recalibrated 
E. cob chromosome [22]. This observation was con- 

firmed and extended by phage Plkc-mediated trans- 
duction with strain FD12 (cyst’ hyd_recA’) as 
donor and strain 5201 (cysC_ hyd+ recA -) as recipi- 
ent. Among 152 cysC’ transductants analysed, 50% 
were recA’ and 92% hyd- and the RecA and Hyd 
phenotypes were distributed as follows: Hyd- RecA+, 
7 1 (47%); Hyd- RecA-, 69 (45%); Hyd* RecA’, 5 
(3%) and Hyd’ RecA-, 7 (5%). These data suggest 
that the hyd and cysC genes are closer than was pre- 
viously reported (221. Assuming that the product of 
quadruple cross-over events will be the least frequent, 
this analysis indicates the gene order cysC-hyd-recA. 
Essentially similar results obtained using strain FDlO. 
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Table 2 
Enzymatic activities of wild type and derived hyd mutants of Escherichia coli 

Strain Formatedependent DCPIPa 
reductase activity (pmol 
DCPIP reduced/min/mg 
protein) 

Formatedependent BVb H,dependent BV reduc- 
reductase activity &mol tase activity bmol BVZ+ 
BV’+ reduced/min/mg reduced/min/mg protein) 
protein) 

P4X 0.032 
FDlO 0.033 
FD12 0.029 

0.010 0.034 
<o .oo 1 <O.OOl 
<O.OOl <O.OOl 

aDCIPIP, 2,6dichlorophenol-indophenol; bBV, benzyl viologen 

For details see Section 2 

3 4. Immunological analysis of hydrogenase mutants 
Analysis of Triton X-100solubilised membranes 

from strains FDlO and FD12 by crossed immunoelec- 

trophoresis against anti-“membrane vesicle” serum 
gave precipitin patterns very similar to those found 

using the wild type strain (P4X and A1002) except 
that the precipitin arc corresponding to hydrogenase 

was absent. The absence of the hydrogenase antigen 
in the solubilised membranes of mutant strain FDlO 

was confirmed by adsorption of the anti-“membrane 

vesicle” serum with the solubilised mutant mem- 

a branes. Crossed immunoelectrophoretic analysis of 
the anti-“membrane vesicle” serum absorbed with 

increasing amounts of the strain FDlO solubilised 
membranes, showed that the area of all the precipitin 

arcs, except that due to hydrogenase, increased. Since 

the area beneath an arc is inversely proportional to 

the amount of specific antibody present in the 

b 

123456 

Fig.3. Analysis of whole cell lysates of hydrogenasedeficient mutants. (a) Nondissociating polyacrylamide gel electrophoresis of 
Triton X-loo-treated whole cell lysates. 300 fig of protein was applied to each gel. Stained for hydrogenase activity: (1) strain 
P4X (wild type); (2) strain FDlO (hyd); (3) strain FD12 (hyd). (b) The same Triton X-loo-treated whole cell lysates as used in 
(a) examined by “rocket” immunoelectrophoresis with 200 ~1 of absorbed anti-hydrogenase immunoglobulin fraction incorpo- 
rated into 3.0 ml of the agarose layer. (1) Strain P4X (wild type), 60 pg protein; (2) as (1) but 20 wg protein; (3) strain FDlO 
(hyd), 60 pg protein; (4) as (3) but 20 bg protein; (5) strain FD12 (hyd), 60 pg protein; (6) as (5) but 20 rg protein. 
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agarose layer [ 131, it can be concluded that the 

hydrogenase antigen is absent from the membranes 
of this mutant. In a similar manner the same conclu- 

sion was reached for strain FD12. 

The possibility that defective hydrogenase accu- 

mulates in the cytoplasm as has been found for suc- 

cinate dehydrogenase in some mutants of 3. subtih 
[8] was examined by analysis of Triton X-100 treated 

whole cell lysates. Initially whole cell lysates from 

strains P4X, FDlO and FD12 were analysed by non- 
dissociating polyacrylamide gel electrophoresis. Con- 
sistent with the data in table 2, only the lysate from 

the wild-type organism (strain P4X) gave a positive 

hydrogenase stain, a small amount at the gel origin 
and a single activity band having a relative mobility 
of 0.40 (fig.3). When the same lysates were analysed 
by “rocket” imlnunoele~trophoresis against anti- 
bodies specific for hydrogenase only the wild type 

(Strain P4X) gave a positive result (fig.3). The specific 
absence of detectable hydrogenase protein in strains 
FDlO and FD12 is consistent with their specific lack 
of hydrogenase activity. We have previously reported 
12 I] a similar lack of nitrate reductase protein in 

many c~~cnlutants and of formate dehydrogenase 
protein in f&,4 and fdhB mutants, Whether these 

findings indicate a bias in the selection procedures 
towards early nonsense mutations or that the defec- 

tive enzymes are very rapidly degraded remains to be 
establisIted. The availability of antise~nl specific for 

hydrogenase provides the means for the detection and 
analysis of defective enzyme in further hydrogenase- 
deficient mutants as they become available. 
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