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observed that only 3 or 4 protons were released by these anaerobically
grown cells instead of 7 or 8 yielded by aerobic cells (Table VI). Taking
into account the conclusions of Meijer ef al. (1977a) that the «<H"/site
ratio during electron transport is 3—4 and that sulfate limitation induces
the loss of the iron-sulfur protein in the site I region, van Verseveld er al.
(1977) concluded that only site II is present under sulfate and nitrite
limitation and that regulation of energy recovery is effected by loss of
site .

M.-F. Henry and J. Doussiére (1981) obtained an «H*/O ratio of 12
with cells grown on succinate and nitrate and harvested at the early
exponential phase (Table VI). Such an «H*/O ratio may be attributed to
either four sites with 3 H*, assuming that transhydrogenase is more active
at the beginning of the logarithmic phase of growth (P. Mitchell, personal
communication) or three sites with 4 H* per site.

According to the chemiosmotic theory (Mitchell, 1966, 1976a) respira-
tion-linked energy transduction involves the generation of a membrane
potential. More recently McCarthy er al. (1981) have shown that NO,~
reduction is indeed coupled with the generation of a membrane potential
(negative inside) in washed cell suspensions of Paracoccus denitrificans.
Using membrane vesicles derived from anaerobically grown cells, Kell ez
al. (1978) were able to observe the generation of a proton-motive force
linked to the oxidation of reduced TMPD, indicating that the third energy
coupling site may still be present in anaerobically grown cells.

IV. Respiration in Autotrophically Grown Cells

Paracoccus denitrificans is a facultative chemolithotrophic hydrogen
bacterium able to grow autotrophically on H, + O, + CO, (Kluyver and
Verhoeven, 1954b). Under these conditions CO, is assimilated via the
Calvin cycle (Kornberg er al., 1960). Paracoccus denitrificans has been
shown also to grow aerobically on methanol or formate (and for some
strains on methylamine) as sole carbon and energy sources (Cox and
Quayle, 1975; Pichinoty er al., 1977). These C, compounds are oxidized to
CO, and then also assimilated via the ribulose-bisphosphate cycle (Cox
and Quayle, 1975). The p-ribulose- 1,5-bisphosphate carboxylase, which
is not detectable in cells of P. denitrificans grown heterotrophically on
acetate (Kornberg er al., 1960) has been isolated from cells grown
autotrophically on hydrogen (Bowien, 1977) and on methanol (Shively et
al., 1978).

Three active energy-conserving sites have been identified in cells grown
autotrophically on H, + CO, + O, (Knobloch et al., 1971; Porte and
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Vignais, 1980) or on methanol (van Verseveld and Stouthamer, 1978a,b),
but only two were observed in cells grown on formate (van Verseveld and
Stouthamer, 1978b, 1980).

A. ELECTRON TRANSPORT IN AUTOTROPHIC CELLS
I. The Branched Respiratory Chain

Cells of P. denitrificans grown autotrophically on methanol (van
Verseveld and Stouthamer, 1978a) or on molecular hydrogen (Porte and
Vignais, 1980) contain a branched respiratory chain where cytochrome
aay and cytochrome o act as ferminal oxidases.

Membrane vesicles prepared from H,-grown cells actively oxidize H,,
NADH, ascorbate, and to a lesser extent succinate (Knobloch er al.,
1971). H, oxidation is insensitive to rotenone (Knobloch et al., 1971; Sim
and Vignais, 1978). Porte and Vignais (1980) have shown that, with 100
nmol of rotenone per milligram of protein, H, oxidation remained
unaltered whereas NADH oxidation was completely inhibited, indicating
that the electron flow from H, enters the respiratory chain after NADH
dehydrogenase or the rotenone-sensitive site.

The presence of a branched respiratory chain with two terminal
oxidases in cell-free preparations from H,-grown cells is indicated by the
partial inhibition of NADH and succinate oxidase activities by antimycin
A and by the biphasic titration curve obtained with KCN (Porte and
Vignais, 1980). With KCN two sites are titrated that differ in their K,. The
first one, with a K; of approximately 10 uM presumably corresponds to
inhibition of cytochrome oxidase aas; the second site titrated (K; = 1
mM) probably indicates the second oxidase, i.e., cytochrome o, which is
much less sensitive to cyanide inhibition.

Curiously enough, H, oxidation proceeds only through the second
electron transfer pathway to O, as indicated by its total insensitivity to the
low concentrations of antimycin and cyanide, sufficient to block NADH
and succinate oxidation via the cytochrome oxidase aa; pathway (Porte
and Vignais, 1980). The substrates whose reducing equivalents enter the
respiratory chain before the antimycin-sensitive site follow the two
pathways to O,.

Taken together these data suggest that the branching point of the two
electron-transfer pathways may occur at the level of the b-type cyto-
chromes, a proposal further substantiated by the observation that H,
induces an extra reduction of cytochrome /-562 compared to the level
reached in the NADH or succinate aerobic steady state.



ELECTRON TRANSPORT AND HYDROGENASE 165

On the basis of inhibitor and oxidative phosphorylation studies,
Knobloch ez al. (1971) also suggested the occurrence of a branched
respiratory chain in their cell-free preparations of Hy-grown cells. How-
ever, these authors proposed the entry of the electrons from H, at the
level of NADH dehydrogenase, cytochromes b and c, the branching point
of the two respiratory pathways occurring at the cytochrome c level.

The scheme presented by Porte and Vignais (1980) for cells grown on
molecular hydrogen (Fig. 1) is in agreement with the branched respiratory
chain proposed by van Verseveld and Stouthamer (1978a) for methanol-
adapted cells and by Willison and John (1979) for heterotrophically grown
cells.

The oxidation of endogenous substrates mainly proceeds through the
alternative, cytochrome o branch, that less sensitive to cyanide (K; = 400
uM; 90% inhibition at 1.42 mM), whereas both ¢- and a-type cyto-
chromes are involved in methanol oxidation (K for KCN = 115 uM) (van
Verseveld and Stouthamer, 1978a).

2. The Redox Components of the Respiratory Chain

When growth of P. denitrificans proceeds autotrophically on H,,
methanol, or formate new dehydrogenases are induced, namely, hydro-
genase, methanol dehydrogenase, formaldehyde dehydrogenase, and
formate dehydrogenase. These components are normally not synthesized
in the absence of the appropriate substrates. Formaldehyde and formate
dehydrogenases are both NAD-linked (Cox and Quayle, 1975).

In addition to these dehydrogenases, some new redox carriers are also
synthesized and are linked to the normal respiratory chain. A CO-binding
c-type cytochrome is closely involved in methanol oxidation and is
thought to act as electron acceptor for methanol in P. denitrificans (van
Verseveld and Stouthamer, 1978a).

Besides cytochrome oxidase aas, autotrophically grown cells also
possess a second oxidase, namely cytochrome o (van Verseveld and
Stouthamer, 1978a; Porte and Vignais, 1980). Depending on the growth
substrate (methanol or H,) the electrons flow preferentially through one or
another route of the branched respiratory system. When growth is carried
out autotrophically on methanol, there is spectral evidence that the cells
form more a-type cytochrome than b- and o-type, while under aerobic
heterotrophic growth the reverse is true (van Verseveld and Stouthamer,
1978a). Some kinetic experiments confirm the former observation and
indicate that methanol oxidation proceeds only through a respiratory limb

involving c- and a-type cytochromes, whereas b-type pigments are not
implicated.
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FiG. 8. Low-temperature absorption difference spectra of membrane particles from
Paracoccus denitrificans. (A) Membranes derived from cells grown autotrophically on
H,;:C0,:0,. Additions were the following: 2.5 mM NADH; 0.4 mM H,; antimycin A, 10
nmol/ml. The oxidized state was reached by addition of H,0, + catalase. Protein
concentration was 4.7 mg/ml. (B) Membrane particles prepared from aerobically grown
cells. Additions were the following: 5 mM NADH; antimycin A, 2.5 nmol/ml; proteins, 12.6
mg/ml. From Henry and Vignais (1979).

In contrast, cells of P. denitrificans grown on H,:CO;: 0, possess
much less cytochrome aay (Fig. 8A) (Porte and Vignais, 1980) than do
aerobic heterotrophic cells (Fig. 8B). However, these autotrophically
grown cells contain a CO-reacting pigment (cytochrome o) that is H,
reducible (M.-F. Henry, unpublished results) and is believed to act as the
sole oxidase when H, is oxidized. Cytochrome aa, accepts electrons from
substrates such as NADH and succinate, and ascorbate-TMPD (Porte and
Vignais, 1980). Cells of P. denitrificans grown on H, also contain higher
levels of a cytochrome b-562 whose reduction is enhanced when H, is the
electron donor. This cytochrome may well be involved in the branching
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point of the two electron-transfer pathways to O, or may be a component
of the Hy—cytochrome 0—0, limb.

B. ENERGY CONSERVATION IN AUTOTROPHICALLY GROWN CELLS
1. Autotrophic Growth on Methanol

Cox and Quayle (1975) have shown that P. denitrificans is capable of
autotrophic growth on methanol as only carbon and energy source.
Methanol is oxidized stepwise via formaldehyde and formate to CO,
(Bamforth and Quayle, 1978). Van Verseveld and Stouthamer (1978a)
demonstrated that methanol oxidation is insensitive to antimycin A and
involves electron transport via cytochrome ¢ and an a-type cytochrome to
oxygen (Fig. 2).

In cells grown on methanol, methanol oxidation in the presence of
rotenone and antimycin A yielded an «<~H*/O ratio of 3.5; as seen in Fig. 2
this corresponds to the cytochrome ¢—0, span of the respiratory chain.
An «<H*/O ratio of 5-6 was obtained for succinate oxidation, whereas
cells grown heterotrophically (on succinate) yielded an «<~H*/O of only 3-
4 when oxidizing succinate. It was concluded that oxidation of succinate
included two sites (II and III) in autotrophic cells and one site in
heterotrophic cells (van Verseveld and Stouthamer, 1978a).

Van Verseveld and Stouthamer (1978b) determined the efficiency of
oxidative phosphorylation from the growth yields of aerobic cultures in
chemostat cultures of P. denitrificans on methanol. During oxidation of
methanol (or formate) to CO,, ATP is generated by oxidative phosphoryl-
ation only, and not by substrate-level phosphorylation. The rate of ATP
synthesis (g ,rp) can then be equated to the rate of O, consumption (g,,)
multiplied by twice the P/O ratio (g.rp = g0, X 2 P/O). The rate of ATP
synthesis is in principle linked to the growth yield ( ¥) (grams of biomass
per mole of substrate) and the specific growth rate (u) by the following
relation where m, is the maintenance coefficient (moles per gram dry
weight per hour).

gate = WY zpp + my = plY prp

The overall P/O ratio (2.05) calculated with the matching Y[§§ (maximum
growth yield on ATP) value of 3.8 corresponded to three coupling sites
present (three being used for NADH oxidation and one for methanol
dehydrogenation). This value of 3.8 was much lower than the theoretical

145 value of 6.5 calculated by Harder and van Dijken (1976) for
autotrophic growth of organisms that use the ribulose-bisphosphate cycle
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for CO, fixation. Because of the large difference between experimental
and theoretical Y79¥ it was proposed by van Verseveld and Stouthamer
(1978b) that energy-requiring processes other than the formation of new
cell material were present under the growth conditions used. Alterna-
tively, methanol might have affected the efficiency of proton-coupled
energy transduction per se.

When P. denitrificans was grown heterotrophically on mannitol and
methanol, experimental growth parameters determined during two-
(carbon) substrate-limited conditions fit with the presence of three sites of
oxidative phosphorylation, whereas cells grown only on mannitol ap-
peared to possess two sites only.

2. Autotrophic Growth on Formate

With formate-grown cells, van Verseveld and Stouthamer (1978a)
determined the experimental «<—H*/O ratios for the oxidation of endog-
enous substrates and of succinate of 6.3 and 3.5, respectively. Taking a
value of 3 for the «<H */site ratio (Meijer ez al., 1977a; van Verseveld and
Stouthamer, 1978a), van Verseveld and Stouthamer (1978a) concluded
that an <—H"'/O of 6.3 is in accordance with the presence of two sites in
formate-grown cells (sites I and II).

In another study, the same authors (van Verseveld and Stouthamer,
1978b) estimated the number of coupling sites from the determination of
growth yields. Assuming the presence of three sites, the calculated YJ§§
was 1.8 for growth with formate. This is considerably lower than the
theoretical value of 6.5 calculated by Harder and van Dijken (1976)
and than the Y745 obtained in the same study for growth with methanol
(Ymax = 3.8 assuming three sites for NADH oxidation, or 5.1 assum-
ing two sites for NADH oxidation and one site for methanol dehydro-
genase oxidation). When the presence of two sites was assumed (P/O for
NADH = 2), the calculated Y72 value for formate was 2.6, which is still
much lower than that for growth on methanol. These differences were attri-
buted to the nature of the two substrates. Methanol is an uncharged mole-
cule that can presumably freely enter the cell, whereas formate crosses the
membrane as the free acid and thus moves in effectively with a cotrans-
ported proton (Garland et al., 1975). The ATP equivalence of one proton
is 0.5 mol ATP if the transfer of 2 g-ions of proton leads to the synthesis of
1 mol of ATP, or 0.33 mol of ATP if 3 g-ions of protons are consumed per
mole of ATP synthesized. Taking into account the energy required for
formate transport, and assuming two sites present in the respiratory
chain, the P/O ratio will be either 1.5 (with a H*/site ratio of 2) or 1.67
(with a H*/site ratio of 3). Matching experimental Y745 at both these P/O
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ratios gave YT3¥ of 3.1 and 3.5, respectively; these values are very close to
the Y345 value (3.8) calculated for methanol-grown cells in the possession
of three sites. The authors (van Verseveld and Stouthamer, 1978b)
concluded that formate-grown cells contain two active energy-conserving
sites (probably sites 1 and II) and that the amount of ATP necessary to
synthesize 1 g of biomass is the same during autotrophic growth on
methanol or on formate when the ATP cost of formate transport is taken
into account.

The same conclusion, the occurrence of only the first two energy-
conserving sites in heterotrophic cells, was reached from growth experi-
ments on mannitol and formate [two-(carbon)substrate] limitation (van
Verseveld and Stouthamer, 1980). It should be noted that for the above-
mentioned calculations it was assumed that formate was oxidized via a
soluble NAD-linked formate dehydrogenase, as occurs in Pseudomonas
oxalaticus OX1 (Dijkhuizen et al., 1977). It has recently been shown
(Dijkhuizen er al., 1979) that Ps. oxalaticus OXI also contains a mem-
brane-bound formate dehydrogenase able to transfer electrons into the
respiratory chain at the level of ubiquinone or cytochrome b, as does the
membrane-bound formate dehydrogenase E. coli (Enoch and Lester,
1975; De Moss, 1977). In this case it is sites Il and III that should be
involved in energy conservation as concluded by Dijkhuizen et al. (1977),
rather than sites I and II.

3. Autotrophic Growth on Molecular Hydrogen

The energy transduction linked to the respiration of cells grown
autotrophically on molecular hydrogen was estimated by Porte and
Vignais (1980) from the stoichiometry of respiration-driven proton trans-
location in spheroplasts. The advantage of spheroplasts over membrane
vesicles is that all spheroplasts are right-side-in, and therefore protons are
ejected outward during respiration; thus the pH change can be recorded in
the suspending medium. The advantage of spheroplasts over whole cells
is that the cytoplasmic membrane is more directly accessible to inhibitors
from the bulk phase; thus, unlike the case with whole cells (Scholes and
Mitchell, 1970b), valinomycin, which minimizes the membrane potential
built up by proton translocation by its K* ionophoric activity, can be used
at relatively low concentrations (2 ug per milligram of protein) and has an
immediate effect upon addition to spheroplasts.

Although it was not possible to deplete the spheroplasts completely
from endogenous substrates, the use of relatively small amounts of
spheroplasts in the incubation medium allowed the measurement of
proton translocation linked to the oxidation of externally added substrates
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free from interference by endogenous substrates. Under these conditions
the number of translocated protons associated with the oxidation of H,
and succinate was 6-7 and was unaffected by rotenone, but the <H*/O
values obtained for the oxidation of endogenous substrates by sphero-
plasts averaged 9-10 and 6-7 in the presence of rotenone (Table IV)
(Porte and Vignais, 1980). Assuming that three energy-conserving sites
are involved during the oxidation of endogenous substrates and two
during succinate oxidation, Porte and Vignais (1980) concluded that the
<H"/site ratio is 3 in agreement with the studies of Meijer et al. (1977a),
Lawford (1978, 1979), and van Verseveld and Stouthamer (1978a), which
indicated an average value of 3—4 for the «—H/site ratio. With a «<~H"/site
ratio of 3, the <~H*/O values of 67 for the H, oxidation indicated that two
energy-transducing sites are involved in the oxidation of H, by O,, and the
«—H*/O ratio of 2.7 with ascorbate-TMPD indicated the presence of one
site.

Measurement of ATP synthesis in membrane vesicles confirmed that
phosphorylation was coupled to H, oxidation. However, such determina-
tions, which necessitated the use of inverted vesicles, gave P/O values too
low to allow any conclusions to be made on the number of coupling sites.

The sites of energy conservation proposed by Porte and Vignais (1980)
for autotrophically grown cells are indicated on Fig. 1.

V. Hydrogenase
A. GENERAL BACKGROUND ON HYDROGENASE

The existence of a class of enzymes using molecular hydrogen, H;, as
substrate was discovered some 50 years ago (Stephenson and Stickland,
1931). Since that time, hydrogenases, which catalyze the reaction

Hy = 2H*+ 2¢" (3)

have been found in a wide variety of bacteria and blue-green algae (see
earlier reviews by Gray and Gest, 1965; Mortenson and Chen, 1974;
Schlegel and Schneider, 1978). Hydrogenases are also present in certain
eukaryotes, e.g., Tritrichomonas foetus, which is a parasite of the
urogenital tract of cattle (Miiller and Lindmark, 1978), and in certain
eukaryotic algae (Kessler, 1978). Hydrogenase activity is independent of
ATP and is inhibited by CO (Peck et al., 1956), the distinguishing features
between hydrogen production catalyzed by hydrogenase and that cata-
lyzed by nitrogenase. The latter enzyme requires a source of ATP, and
hydrogen production catalyzed by nitrogenase is not inhibited by CO
(Winter and Burris, 1968).
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The physiological and ecological roles of hydrogenases are diverse. In
organisms that can use protons as terminal electron acceptor, molecular
hydrogen is produced. Such organisms include obligate anaerobic bacte-’
ria, for example, species of Clostridium where pyruvate is degraded to H,
and CO,, and facultative anaerobes, such as E. coli, which produce H,
when grown on glucose in the absence of an electron acceptor other than
protons. Species of Desulfovibrio, when grown on pyruvate in the absence
of sulfate as electron acceptor also produce H, (Vosjan, 1975). Hydrogen-
ases in Desulfovibrio species can also catalyze anaerobic oxidation of
hydrogen gas coupled with sulfate reduction (Badziong et al., 1978).
Escherichia coli can derive energy for anaerobic growth by H,-dependent
reduction of fumarate (Bernhard and Gottschalk, 1978). Hydrogen uptake
activity has been demonstrated in the methanogenic bacteria, and this is
an important ecological role of hydrogenase as it results in methane
production, one of the most abundant atmospheric trace gases, from H,
and CO, (Schlegel and Schneider, 1978). Photosynthetic bacteria, e.g.,
Rhodopseudomonas capsulata, have hydrogen oxidizing activity (Kelley
et al., 1977; Paul er al., 1979), as do blue-green algae (Bothe ef al., 1978;
Tel-Or et al., 1978). Aerobic nitrogen-fixing bacteria, e.g., Azotobacter,
also have hydrogenase activity that catalyzes hydrogen uptake in vivo
(van der Werf and Yates, 1978); and in many organisms, such as
Anabaena cylindrica (Bothe et al., 1978), R. capsulata (Kelley et al.,
1977; Jouanneau et al., 1980), Rhodospirillum rubrum (reviewed by
Meyer et al., 1978), and Rhizobium (Dixon, 1978) hydrogen-cycling has
been described where hydrogen is produced by nitrogenase and is re-used
by hydrogenase-catalyzed H,-uptake.

The group of bacteria to which P. denitrificans belongs, the aerobic
chemoautotrophic, or hydrogen, bacteria, have the ability to grow
autotrophically with H, as the sole source of reducing power; this group
includes species of Alcaligenes and Pseudomonas. The designation of
organisms as ‘‘proton-reducing’’ (hydrogen producers) or as ‘‘hydrogen-
oxidizing”’ (hydrogen consumers) depends on growth conditions, as
discussed above for E. coli and species of Desulfovibrio. It has even been
suggested (Schlegel and Schneider, 1978) that hydrogen-dehydrogenase
as found for example in the aerobic hydrogen bacteria, may also be able to
catalyze proton reduction if no other suitable electron acceptor is present.
There have been reports of “‘unidirectional” hydrogenases in Clostridium
pasteurianum (Chen, 1978) and in Anabaena cylindrica (Hallenbeck and
Benemann, 1978), which can catalyze only H, oxidation in vitro, although
most hydrogenases catalyze both H, uptake and evolution in vitro, albeit
at different rates.

There has been renewed interest in hydrogenase in the 1970s as a
possible means of providing H, as a source of energy (Hall, 1976;
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TABLE

MOLECULAR PROPERTIES OF

Source of
Alcaligenes Clostridium
Property eutroplius Nocardia opaca pasteurianum C. pasteurianum
Localization Cytoplasm Cytoplasm Cytoplasm Cytoplasm
Sensitivity 1o oxygen Stable Fairly stable Very Sensitive Very sensitive
Electron donorfacceptor  NAD* NAD+ Ferredoxin Unknown
Molecular weight 200,000 - 60,000 32,000
No. of subunits I % 68,000 — 1 x 60,000 1 x 32,000
1 = 60,000

Partial specific volume

(mlg™) 2 % 29,000 — - -—
Absorption bands (nm) 380,420 - Around 400 —_
Flavin/molecule 2FMN . 4 None None
Fe/molecule 12 — 12 -
Labile sulfide/molecule 12 - 12 -
Type of Fe-S center 4Fe-45 —_ 4Fc-45 —

2Fe-28
References Schneider and Schlegel, Aggag and Nakos and Morienson, Chen and
1976, 1977, 1978; Schlegel, 1974 1971; Chen and Blanchard,
Schneider et al., 1979 Mortenson, 1974 1978

@ Adapted from Schlegel and Schneider (1978).
* Enzymic activity, as measured by reduction of NAD* by Hy, is dependent on FMN.

Benemann et al., 1977; Hallenbeck and Benemann, 1979); as a result,
hydrogenases from a variety of sources have been investigated at the
molecular level. Although absolute classification of hydrogenases is not
yet possible, certain broad groups are beginning to emerge. Both soluble
and membrane-bound hydrogenases have been identified. Since the
methodology for studying soluble enzymes was established earlier more is
known about the soluble hydrogenases. Soluble hydrogenases have been
purified from C. pasteurianum (Chen and Mortenson, 1974; Chen and
Blanchard, 1978), D. vulgaris strain Hildenborough (van der Westen et
al., 1978), D. gigas (Hatchikian et al., 1978), and Alcaligenes eutrophus
(Schneider and Schlegel, 1976). In the case of the soluble hydrogenases,
in most instances, the electron donor or acceptor has been identified. The
properties of the soluble hydrogenases are compared in Table VII.

The membrane-bound hydrogenases that have been investigated so far
do not have an identified electron donor or acceptor, except in the case of
D. vulgaris strain Miyazaki, although they form an integral part of the
electron-transport chain of the organism in which they are found. There is
no predilection for soluble or membrane-bound hydrogenases to partici-
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Vil

SoLUBLE HYDROGENASES®

hydrogenase
Desulfovibrio vulgoris
Thiocapsa Anabaena Strain
roseapersicineg cvlindrica Strain NC1B 8303 Hildenborough D. gigas
Soluble fraction Soluble fraction Soluble fraction Periplasm Periplasm
Fairly stable Slightly sensitive Relatively stable Slightly sensitive —
Cytochrome ¢;? — Cytochrome ¢,? Cytochrome ¢y Cytochrome ¢,
66,000 -68,000 230,000 45,000 50,000 £9,000
I x 47,000 — 1 x 45,000 1 x 50,000 1 x 62,000
1 x 25,000 — — — 1 x 26,000
—_ _ 0.74 — 0.73
Around 400 - Around 410 Around 400 Around 400
4 — — 12 12
4 — — 12 12
- - = - 4Fe-4S
Gogotov et al ., Hallenbeck and Benemann, Haschke and Campbell, van der Westen Hatchikian e al.,
1976, 1978 1978 1971 etal., 1978 1978

pate in H, uptake or H, production. In Proteus mirabilis grown under
anaerobic conditions on a complex medium, the membrane-bound hydro-
genase functions mainly in the direction of H, production (Schoenmaker
et al., 1979) whereas in P. denitrificans grown autotrophically (Kluyver
and Verhoeven, 1954a,b), in Rhodopseudomonas capsulata (Colbeau et
al., 1978), and in Chromatium (Gitlitz and Krasna, 1975) the membrane-
bound hydrogenases function in vive primarily to catalyze hydrogen
uptake. The characteristics of membrane-bound hydrogenases are shown
in Table VIIL

All hydrogenases that have been studied so far are iron—sulfur proteins,
and many, but by no means all, hydrogenases are oxygen sensitive, a
feature that initially hindered progress in investigations of hydrogenase at
the molecular level.

B. AEgroBIiC HYDROGEN BACTERIA

The aerobic hydrogen bacteria can be divided into three groups on the
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TABLE

MOLECULAR PROPERTIES OF

Source of
Paracoccus Alcaligenes Proteus
Property denitrificans eutrophus Chromativm mirabilis
Sensitivity to 0, Stable in membrane, Stable Stable Unknown
sensitive when
solubilized
Electron donor/accepior Unknown Unknown Unknown Unknown
Solubilization method Triton X-100 Triton X-100 Triton X-100 Amyl alcohol
plus sodium or sodium
deoxycholate deoxycholate
Molecular weight in 242,500 ~+ 8000 —_ — (s value 8.3)
nonionic detergent {5 value 10.4}
No. subunits in 4 = 63,000 — - —
nonionic detergent
Molecular weight without 466,000 = 15,000 98,000 100,000 208,000
nonionic detergent s value 15.9) (s value 5.16} (s value 8.68)
No. subunits without T-K x 63,000 1 x 67,000 2 = 50,000 2 x 63,000
nonionic detergent 1= 31,000 2 x 33,000
Partial specific volume 0.74 0.73
(ml g7")
Absorption bands (nm) Around 400 408 410 Around 410
Fe/molecule - 6 4 24
Labile sulfide/molecule — 6 4 24
Type of Fe-S center —_ —_ —_ —
References Sim and Vignais, 1979: Schink and Schlegel, Gitlitz and Schoenmaker
Sim and Sim, 1979 1978a, 1979 Krasna, 1975 eral., 1979

* Adapted from Schlegel and Schneider { 1978).
® This protein may be a peripheral membrane protein because these authors report that the enzyme is more readily eluted
from an acetone powder by buffer alone than by buffer and detergent. Most of the hydrogenase activity in this organism

is found in the soluble cell fraction and the “*‘membrane’ enzyme may be

that is not

hed off.

Lible hvd
Y

basis of the hydrogenases found (Schneider and Schlegel, 1977; Schink
and Schlegel, 1978a).

1. Organisms of this group contain only a soluble hydrogenase capable
of reducing NAD*, i.e., hydrogen:NAD" oxidoreductase (EC
1.12.1.2). An example of such an organism is Nocardia opaca.

2. Some aerobic hydrogen bacteria have two hydrogenases, a soluble
enzyme that reduces NAD" and a membrane-bound hydrogenase
that does not reduce NAD* or NADP*. Alcaligenes eutrophus falls
into this category.

3. The major group of aerobic hydrogen bacteria has only one hydro-
genase, and it is membrane-bound. The membrane-bound enzyme is
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VIII

MEMBRANE-BOUND HYDROGENASES®

hydrogenase
Desulfovibrio
Rhodospirillivm Escherichia Thiocopsa vitlgaris Rhizobiuwm
riebritm coli roseopersicing strain Miyazaki Japonicum
Relatively stable Ty = 12 hours at Fairly stable —_ Sensitive when
ToOm lemperature solubilized
Unknown Unknown Cytochrome ¢;? Cytochrome ¢, Unknown
Sodium deoxycholate Sodium deoxycholate? Acetone at -30°C Trypsin Triton X-100
and pancreatin and pancreatin
67,000 = 2000 113,000 68,000-73,000 £9,000 63,000
1 65,000 = 3000 2 x 56,000 1 = 25,000 1 x 59,000 1 x 63,000
1 % 47,0000 1> 28,000
— — — 0.751 -
s 400 — Around 400 -_
4 12 3 7-9 12 (tentative)
— 12 4 7-8 —_
4Fe-4S -~ - - =
Adams and Hall, Adams and Hall, Serebriakova et al., 1977, Yagietal., 1976 Arp and Burris,
1977, 1979 1979h Gogotov ef al., 1978 1979
¢ Gel el ph is in the p of sodium dodecyl sulfate shows the presence of three bands corresponding to

68,000, 47,000, and 25,000 MW, It may therefore be that the two smaller polypeptides represent proteolytic fragments of
the larger polypeptide chain.

unable to reduce NAD* or NADP*, and it is to this group that P.
denitrificans belongs.

In aerobic hydrogen bacteria, grown under autotrophic conditions,
hydrogenase activity has a dual physiological role to play. It provides
reducing power for CO, fixation, as NADH, and it also provides cellular
energy more directly by feeding electrons into the electron-transport
chain.

For those members of the aerobic hydrogen bacteria with both a soluble
and a membrane-bound hydrogenase, the soluble enzyme reduces NAD*
whereas the membrane-bound enzyme feeds the electron-transport chain
directly. However, NADH can also provide electrons for oxidative
phosphorylation. The situation is less clear for those aerobic hydrogen
bacteria possessing only a membrane-bound hydrogenase. To investigate
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how these organisms cope with having only one hydrogenase, Schink and
Schlegel (1978b) looked at various hydrogenase-deficient mutants of A.
eutrophus. They found that each type of hydrogenase alone could support
autotrophic growth. However, the growth rate was decreased in mutants
with only the membrane-bound hydrogenase. Such a finding is as would
be expected if the membrane-bound enzyme is consuming some of the
available energy for growth by providing NADH by reversed electron
flow. This implies that there is a phosphorylation coupling site from
NADH, and this has been described in the case of A. eutrophus (Ishaque
and Aleem, 1970) and also P. denitrificans (Asano et al., 1967). Membrane
vesicles of P. denitrificans have been shown to catalyze ATP-dependent
reduction of NAD" by succinate, indicating that energy-dependent rever-
sal of electron transport to produce NADH can occur (Asano et al., 1967).
Reverse electron flow is therefore likely to be the mechanism whereby
NAD" is reduced in P. denitrificans when grown autotrophically on H;
and CO,. There is good evidence that the membrane-bound hydrogenase
of P. denitrificans interacts with the electron-transport chain at a point
distinct from NADH. Rotenone, which inhibits oxidation of NADH in
membranes of P. denitrificans, does not inhibit oxidation of H, with either
ferricyanide or O, as electron acceptor (Knobloch ez al., 1971; Sim and
Vignais, 1978; Porte and Vignais, 1980). The interaction of hydrogenase
with the electron-transport chain of P. denitrificans has been discussed in
Section IV,B,3.

C. HYDROGENASE FROM P. denitrificans
1. Enzymic Characteristics

When P. denitrificans is grown autotrophically, either aerobically or
anaerobically, hydrogenase activity is induced (Kluyver and Verhoeven,
1954a,b; Fewson and Nicholas, 1961). Very recently, Nokhal and Schlegel
(1980) have proposed that the regulation of hydrogenase formation may
serve as a distinguishing feature between different strains of P.
denitrificans. During adaptation from growth on succinate to autotrophic
growth it has been observed that the specific activity of hydrogenase
reaches a maximum when the turbidity of the culture (OD;s) is 0.9-1.0
(E. Sim, unpublished). Adaptation to autotrophic growth is also accompa-
nied by a change in the cytochrome content of membranes of P.
denitrificans as shown in Fig. 8 (see Section 1V,A,2).

As already discussed, the hydrogenase of P. denitrificans is associated
with the cytoplasmic membrane. In crude preparations it does not reduce
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NAD* but it will catalyze the reduction of a variety of artificial electron
acceptors including benzyl viologen, methyl viologen, methylene blue,
ferricyanide, and cytochrome ¢, but not spinach ferredoxin (Sim e al.,
1977; Sim and Vignais, 1978). The purified hydrogenase from P.
denitrificans interacts with benzyl viologen and methyl viologen. The K,
values of hydrogenase in membrane preparations of P. denitrificans are
shown in Table IX. The hydrogenase of P. denitrificans reduces 5 mM
benzyl viologen more rapidly than 5 mM methyl viologen, and this is due
mainly, to the difference in K,, of hydrogenase for the two substrates
(Table IX). It may be, therefore, that the hydrogenase of P. denitrificans
interacts more strongly with the more extensive aromatic structure of
benzyl viologen than with methyl viologen. Although the same is true for
the hydrogenase from E. coli (Table IX), this is not a general feature of
hydrogenases. The soluble hydrogenase from A. eutrophus is more active
toward methyl viologen than toward benzyl viologen (Schneider and
Schlegel, 1976), and the membrane-bound hydrogenase from A. eu-
trophus will not reduce either viologen dye (Schink and Schlegel, 1979).
The hydrogenase from Rhizobium japonicum shows no reactivity toward
methyl viologen and only slight reactivity toward benzyl viologen (Arp
and Burris, 1979). The enzymic characteristics of hydrogenases other than
that of P. denitrificans are shown in Table IX. All data are for hydrogenase
activity measured in the direction of hydrogen uptake except for the data
on inhibitors where H, uptake and H, production have been combined.
The comparisons serve to emphasize that hydrogenases are a heteroge-
neous group of enzymes.

Hydrogen gas dissolves in water to a concentration of 0.8 mM, at 20°C,
under 1 atm. The measured K, value for H, for the hydrogenase from P.
denitrificans is 20 pM; this means that even in conditions of a low
concentration of H, the enzyme can remain almost saturated with
substrate. This may be important for the survival of the organism in its
natural environment. The K, for H; of both the soluble (37 wM) and the
membrane-bound (32 uM) hydrogenases from A. eutrophus and from E.
coli (26 M) (Table 1X) as well as the hydrogenase from Methanobacte-
rium thermoautotrophicum (20 uM) (Fuchs et al., 1978) are similar.
However, the hydrogenase from C. pasteurianum has a much higher K,
for H, (225 uM) (Erbes and Burris, 1978). This may be due to the fact that
the main function of the hydrogenase of C. pasteurianum is to evolve H,,
and therefore a high affinity of the enzyme for H, is not essential.
Hydrogenase from Rhizobium japonicum and Rhodopseudomonas capsu-
lata have a very low K, for H, (1.4 pM and 0.25 uM, respectively) even
though the bacteroid (Maier ef al., 1978) and the photosynthetic bacte-
rium (Jouanneau et al., 1980) have nitrogenase-catalyzed production of
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TABLE

EnzZymic PROPERTIES

Source of
Paracoccus denitrificans Alcaligenes eutrophus
Membrane- Detergent Soluble Membrane- Solubilised
Properties bound solubilized enzyme bound enzyme
Ky (mM)
Benzyl viologen 0.2 0.25 — No reactivity No reactivity
Methyl viologen 294 28 — No reactivity No reactivity
H, 0.026 0.020 0.037 - 0.032
pH optimum Around 9 Around 9 8.0 80 55
Form of Arrhenius plot Straight line Straight line Straight line “*break™ Straight line
at 30°C
Activation energy
tkeal/mol) 1o 98 14.3 _ 6.25
Inhibited by high salt + + + — +
Purification factor — 100 68 - —_
Inhibitors (% inhibition)
N-Ethylmaleimide
I mM s n — — _—
lodoacetamide,
10 mM 5 —_— - i
p-Chloromercuri-
benzenesullonic acid,
4mM 4 1] - — -
p-Chloromercuri-
benzoate, | mM — - - = 100
Dithiothreitol, 0.2 mM 0 M - o i
FeCly, 1 mM 100 100 —_ — Slight
inhibition
CuSo,, | mM 95 95 = o s
HgCl,, I mM n » - - 100
CuCly, ImM — —_ - s 100
References Sim and Sim and Schaeider and  Schink and Schink and
Vignais, 1979: Vignais, 1979. Schlegel, Schicgel, Schiegel,
Sim et al., Sim et al., 1976 1978a, 1979 1978a, 1979
1978 1978
* Ferriycy. = ferricy :MB = hylene blue; BV = benzylviologen.
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hydrogenase*
Desulfo-
vibrio
Rhodo- vl gariz
Rhodo- psendo- Protens Clostrid- strain
Escheri- spirillum Rivizobiwm L mira- ium pastewr-  Hilden-
chia coli rubrum Japonicum capsulata bilis Chromatium ianum borough
0.07 —_ Slight reactivity o 9 - - 3
3.48 - No reactivity R[] — —_ —_ 0.2
0.026 — 0.0014, 0.0014 0.00025 — —_ 0.225 -
8.5 89 5.7(Ferricy. 55(MB - 55and 8.5 i s
reduction reduction) (MB reduction)
5.5(MB 8.5(BV 6 (HD exchange)
reduction) reduction)
Straight - Breaks at 25  Break at 13'C — = = i
line and 55°C
—_ — 9.2 (between _ —_ - - -
25°C and
55°C)
+ Tris + but —_ * - - - *
not PO
21490 450 200 -_— 1146 1788 — 380
0 No inhibi. —_ n - —_ — —
tion at
SmM - 19 —_ 3 — —
= e v 20 = il - s
6 st e - 1 - -
- — == 14 _— 41 - -
— - - 70 S B — =
n 100 (5 — 100 —_ 100 — -
mM)
100 100 (5 - 100 —_ 100 — —_
maf)

Adams Adams Arp and Burris, A. Colbeau Schoen- Gititz and Chen and van der
and Hall, and Hall, 1979 {unpub- maker Krasna, Mortenson, Westen
197% 1977, lished) etal., 1975 1974: Erbes etal.,

1979 ] and Burris, 978

1978
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H,, which is recycled by the hydrogenase. The specific activity of R.
Japonicum hydrogenase has been found to be low (Arp and Burris, 1979)
and-the high affinity for H, may be a reflection of the necessity to
sequester H, in competition with diffusion.

The hydrogenase activity from P. denitrificans shows a pH optimum for
benzyl viologen reduction at pH 9. However, studies of pH optima of
hydrogenase, as has been pointed out by Chen (1978), are open to many
interpretations because protons are substrates of the reaction. In addition,
many of the electron acceptors used to measure hydrogenase activity,
e.g., methylene blue, have pH-dependent redox potentials. This is not the
case for benzyl viologen, however. Different effects of pH on hydrogenase
activity have been reported depending on the assay system used. For
example, the hydrogenase from Chromatium has a pH optimum of 6 when
hydrogen-deuterium exchange activity is measured, but shows a biphasic
pH curve with peaks of activity at pH 5.5 and 8.5 when methylene blue
reduction by H, is measured (Gitlitz and Krasna, 1975). Similarly, an
optimum at acidic pH (around 5) was observed for the production of HD
resulting from the hydrogen—deuterium exchange catalyzed by the hydro-
genase of P. denitrificans (P. M. Vignais, M.-F. Henry, Y. Berlier, and P.
A. Lespinat, unpublished observations). This indicates that the iron—
sulfur cluster is well shielded in the membrane-bound hydrogenase to
withstand such low pH values.

The hydrogenase of P. denitrificans is inhibited by high ionic strength
(greater than 40 mM NACI) (Sim and Vignais, 1979). This is a general
feature of hydrogenases, although it has been reported that the hydrogen-
ase from Megasphaera elsdenii is stimulated by high ionic strength
(Mayhew et al., 1978).

The hydrogenase from P. denitrificans is inhibited by sulfhydryl re-
agents, especially after solubilization by detergent. Heavy-metal salts
inhibit hydrogenase activity equally in both the membrane-bound and
solubilized forms. The effects of these compounds on other hydrogenases
are shown in Table IX. In general, heavy metals are extremely deleterious
to hydrogenase activity. However, the effects of sulfhydryl reagents are
more variable. It seems unlikely, therefore, that the effects of heavy-
metal salts on hydrogenase activity are entirely due to their interaction
with sulfhydryl groups, as has been documented for heavy-metal inhibi-
tion of other enzymes (Means and Feeney, 1971).

A general characteristic of hydrogenases is that they are thermostable.
The hydrogenase activity of Rhodospirillum rubrum, for example, sur-
vives heating to 70°C for 10 minutes (Adams and Hall, 1979a). The
hydrogenase of P. denitrificans shares this feature and retains activity
after heating at 75°C for 10 minutes, although in impure preparations the
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hydrogenase adheres to other denatured contaminating proteins (E. Sim,
unpublished).

Despite the robust nature of hydrogenase activity on heating, hydrogen-
ases show varying degrees of loss of activity during purification, and the
oxygen sensitivity of hydrogenases has already been mentioned. The
hydrogenase from P. denitrificans is perfectly stable in the intact cell
under aerobic storage conditions at 4°C and at —20°C (Sim et al., 1977).
However, on solubilization, the enzyme becomes inactivated in air at 4°C.
Hydrogenase activity is less sensitive to inactivation in air at 20°C and at
—20°C. The ability of the hydrogenase to retain activity in air at room
temperature has been explored in the purification of the enzyme. The
cold-lability of the hydrogenase from P. denitrificans may be related to the
oligomeric nature of the enzyme, which will be discussed in the next
section. It has also been reported that the membrane-bound hydrogenase
from Alcaligenes eutrophus is more stable at 18°C than at 4°C (Schink and
Schlegel, 1979) and the enzyme has two nonidentical subunits. Other
membrane-bound hydrogenases have also been observed to become
oxygen-sensitive when they are solubilized, including the enzyme from
Azotobacter chroococcum (van der Werf and Yates, 1978) and the
hydrogenase from Rhizobium japonicum (Arp and Burris, 1979). There
are exceptions, however, and the purified, solubilized hydrogenase from
Chromatium is completely stable in air (Gitlitz and Krasna, 1975). Among
the soluble hydrogenases, the enzyme from Clostridium pasteurianum is
extremely sensitive to oxygen, but other soluble enzymes, e.g., from D.
vulgaris strain Hildenborough and hydrogen dehydrogenase from A.
eutrophus are fairly resistant to loss of activity in air. These results are
summarized in Tables VII and VIII. The oxygen sensitivity of hydrogen-
ases is presumably due to the presence in these proteins of iron—sulfur
clusters. Synthetic models of these clusters are known to be extremely
labile in air (Holm and Ibers, 1977). It has been found that the activity of
the hydrogenase from P. denitrificans can be augmented if the enzyme is
stored at —20°C or at 20°C in an atmosphere of H,. This effect is not due
to lack of oxygen, because an atmosphere of N, has no activating effect
(Sim ef al., 1978).

An investigation of the effect of temperature on hydrogenase activity in
P. denirtrificans showed the Arrhenius plot of activity to be linear, and the
same is true of the detergent-solubilized hydrogenase. It has been
observed for several membrane-bound enzymic activities, e.g., 5’-nucleo-
tidase from rat liver plasma membrane (Stanley and Luzio, 1978), that
there are discontinuities in an Arrhenius plot, and these have been
interpreted as corresponding to a change in the physical state of the lipid
environment of the membrane-bound enzyme. Not all membrane en-
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zymes show discontinuities in Arrhenius plots, however. For some
membrane proteins, changes in the form of the Arrhenius plot have been
observed on solubilization of the enzyme with detergent (Dipple et al.,
1978). No such change is found for the hydrogenase from P. denitrificans
when it is solubilized by Triton X-100 (Sim and Vignais, 1979) under
conditions in which no phospholipid could be detected in association with
the hydrogenase (Sim and Sim, 1979).

The membrane-bound hydrogenase from Alcaligenes eutrophus shows
a break in the Arrhenius plot at 30°C, but no discontinuities are found in
an Arrhenius plot of the activity of the solubilized, purified, enzyme
(Schink and Schlegel, 1979). 1t was not determined whether the purified
hydrogenase from A. eutrophus was associated with lipid, but it has been
observed that the activity of the purified membrane-derived enzyme is
activated by the presence of negatively charged phospholipids but inacti-
vated by neutral phospholipids (Fromherz and Ruhr, 1978).

The solubilized and purified hydrogenase from R. japonicum shows
breaks in the Arrhenius plot at 25°C and 55°C, but no information is
available on whether there is any lipid associated with the solubilized
enzyme. However, as Drost-Hansen (1971) has pointed out, discontinui-
ties in Arrhenius plots should be interpreted with caution, and may reflect
changes in the structure of interfacial water molecules.

Measurement of the activation energy of hydrogenase from P.
denitrificans gives values of 11.0 kcal/mol for the membrane-bound form
of the enzyme and 9.8 kcal/mol for the solubilized form of the enzyme.
Activation energies of other hydrogenases are all very similar (see
Table 1X).

2. Structural Characteristics

During the discussion of the enzymic characteristics of the hydrogenase
from P. denitrificans, comparisons have been drawn between the mem-
brane-bound form of the enzyme and the detergent-solubilized enzyme.
The two forms of the enzyme have similar enzymic characteristics except
that the membrane-bound form is protected against damage by oxygen
and it is less sensitive to sulfhydryl reagents. However, the K, values, pH
profile, and activation energies of the membrane-bound and solubilized
forms of the enzyme are extremely similar. It is therefore likely that the
regions of the enzyme involved in substrate binding and catalysis are not
disrupted on solubilization of hydrogenase from the membrane. The
structural characteristics of the hydrogenase from P. denitrificans have
been investigated in the presence and in the absence of Triton X-100. The
enzyme consists of a tetramer of non-disulfide-linked subunits of MW
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63,000 in the presence of detergent. When detergent is removed, the
enzyme forms soluble aggregates consisting of two such tetramers. It
seems likely that, on removal of detergent, two molecules of hydrogenase
associate via the newly exposed hydrophobic surfaces to produce a larger
molecule that is still water-soluble. Other amphipathic membrane proteins
have been shown to form water-soluble aggregates on removal of deter-
gent (Kuchel et al., 1978; Simons et al., 1978). However, there have been
very few reports on the effect of detergents on the behavior of other
membrane-derived hydrogenases. The hydrogenase from Proteus mira-
bilis was initially released from the membrane by organic solvent. The
sedimentation coefficient of the solubilized enzyme with or without
detergent remains unchanged (Schoenmaker et al., 1979). There is
evidence that the hydrogenase from Chromatium binds detergent (Ka-
kuno er al., 1977), and it is also likely that the membrane-derived
hydrogenase from A. eutrophus binds detergent (Schink and Schlegel,
1978a). However, no further discussion of these observations has been
reported.

It is possible to estimate the amount of detergent bound to a protein
detergent complex (Meunier ef al., 1972). The basis for such an investiga-
tion is that the partial specific volume of Triton X-100 is 0.91 ml g !,
whereas the partial specific volume of most proteins, including hydrogen-
ases (see Tables VII and VIII), is 0.73 ml g~*. The partial specific volume
of the hydrogenase from P. denitrificans in the presence of Triton X-100 is
0.73 ml g, and this is essentially unchanged on removal of detergent
(Table VIII). Therefore it is likely that the hydrogenase from F.
denitrificans binds much less than one micelle of detergent. For a protein
of similar size, the adenyl cyclase from rat brain (MW 220,000), which
binds approximately one micelle of Triton X-100 (MW 90,000), the partial
specific volume is increased from 0.74 ml g~* to 0.79 ml g~! (Neer, 1978).
It seems that the hydrophobic area of hydrogenase that is exposed on
solubilization of the enzyme from the membrane and becomes associated
with detergent is restricted to a small area. This is not due to the presence
of phospholipids masking an extensive hydrophobic site on the surface of
the solubilized hydrogenase, because experiments using **P-labeled phos-
pholipids have demonstrated that the detergent-solubilized hydrogenase is
not associated with phospholipids (Sim and Sim, 1979). There is a
hydrophobic region on the solubilized hydrogenase, as determined from
its aggregation properties when detergent is removed. The extent of the
hydrophobic surface of the protein can be investigated unambiguously
only by studying the binding of radioactive detergents to the pure protein
(Makino et al., 1973). Such a study is now possible for the hydrogenase
from P. denitrificans, as it has been isolated in good yield (Sim and
Vignais, 1979).
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The frictional coefficient of the hydrogenase from P. denitrificans in the
presence and in the absence of detergent is 1.2, which is indicative of an
axial ratio greater than 2. Indeed, E. coli F,-ATPase has a f/ f; = 1.10; this
has led to the conclusion that the axial ratio is 2 or 3 (Paradies and
Schmidt, 1979). Also the MoFe protein of nitrogenase, which has a f/f, =
1.08 (Eady et al., 1972), has been found by neutron scattering to have an
axial ratio of about 2 (Meyer and Zaccai, 1980).

In view of the similarities of the enzymic properties of the hydrogenase
in the membrane and after solubilization, it is probable that the hydrogen-
ase, as solubilized by detergent, exists as it is found in the membrane, i.e.,
as a tetramer. It should be borne in mind, however, that the enzymic
properties that have been investigated in both forms of the enzyme are
nonvectorial, whereas the action of hydrogenase in membranes is vecto-
rial (see Section V,C,3). In this context, a multisubunit membrane protein
is a good candidate for a transport protein. The anion transport protein
from the human red cell membrane band 3, is multimeric in the presence
of Triton X-100 and is thought to be multimeric within the membrane (see
review by Guidotti, 1977).

3. Orientation of the Hydrogenase

The orientation of the hydrogenase in the cytoplasmic membrane of P.
denitrificans has been investigated using functional properties of the
enzyme. It is known that benzyl viologen interacts directly with the
hydrogenase of P. denitrificans (Sim and Vignais, 1978). Intact cells and
spheroplasts will catalyze the reduction of benzyl viologen by hydrogen
(Sim and Vignais, 1978). The reduction of benzyl viologen is not increased
when spheroplasts are rendered permeable by Triton X-100 under condi-
tions where the reduction of dichlorophenolindophenol by NADH in-
creases over eightfold (E. Sim, unpublished). It has been observed that
the latter activity is found in the cytoplasm of P. denitrificans (Porte,
1979), not associated with the inner surface of the cytoplasmic membrane
as previously suggested for membrane vesicles (Burnell et al., 1975a);
nevertheless, it serves as a measure of whether or not spheroplasts are
intact. Although studies have indicated that those viologen dyes that in
the oxidized state carry two positive charges do not cross the cytoplasmic
membrane of E. coli (Jones and Garland, 1977), this may not be the case
for P. denitrificans. We have observed that oxidized benzyl viologen
(BV*) adheres strongly to cells of P. denitrificans, this results in
ambiguities in determining whether BV** is excluded from the intracellu-
lar space (E. Sim, unpublished). Reduction of benzyl viologen by hydro-
gen also is catalyzed by inside-out vesicles of the cytoplasmic membrane
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of P. denitrificans (Porte, 1979), although it has been established that
hydrogenase interacts directly with benzyl viologen (Sim and Vignais,
1978). It may be that the dye can also be reduced indirectly in whole
membrane preparations.

To overcome these problems a more direct approach to studying the
orientation of the active site of hydrogenase from P. denitrificans has been
used. In this investigation the release of protons from spheroplasts and
from inside-out membrane vesicles has been studied (Porte et al., 1979;
Doussiére et al., 1980). When hydrogenase-catalyzed reduction of benzyl
viologen is initiated, a release of protons inside spheroplasts and outside
the inside-out membrane vesicles is observed. This indicates that protons
are released from the inner surface of the cytoplasmic membrane of P.
denitrificans, providing information on the functional orientation of the
hydrogenase.

From structural studies, it is likely that the area of the hydrogenase that
interacts with the hydrophobic region of the membrane is rather limited,
as determined from the partial specific volume of the hydrogenase-
detergent complex. There is likely to be a hydrophobic region, however,
because the protein aggregates on removal of detergent. It is not possible
to determine at present whether or not the hydrogenase spans the
membrane. From the functional studies, it would appear that the active
site is exposed at the inner surface of the membrane, since release of
protons inside the cell has been demonstrated on reduction of benzyl
viologen by H,. The interaction of hydrogenase with benzyl viologen
presents a confusing picture because the enzyme interacts with an
apparently nonpenetrant dye both in intact cells and in inside-out mem-
brane vesicles. If BV** is really nonpermeant and if electron transfer is
taking place within the hydrogenase molecule as suggested to occur in
other hydrogenases from hydrogen~deuterium exchange studies (Tamyia
and Miller, 1963), it may be that BV** can accept electrons from H, by
interacting either directly with the active site (e.g., with solubilized
hydrogenase or with inside-out membrane vesicles) or indirectly (as in
intact spheroplast). The most likely explanation however is that BV**
does cross the cytoplasmic membrane of P. denitrificans under the
conditions that have been used. Further studies, e.g., lactoperoxidase-
catalyzed radioiodination and eventual protein sequence data, are re-
quired to provide additional insight into the precise topography of the
hydrogenase. The purification procedure is available (Sim and Vignais,
1979), and so such studies are now possible. The number of membrane
proteins for which extensive structural information is available is limited;
thus the hydrogenase from P. denitrificans may represent a new class of
intrinsic membrane protein.
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The only other membrane hydrogenase that has been investigated from
the point of view of its orientation in the membrane is the hydrogenase
from E. coli (Jones, 1979a,b, 1980). In this organism the reduction of
benzyl viologen by H, has been studied, and the release of protons has
been investigated by measuring the quenching of atebrine fluorescence. In
intact cells, BV** is not reduced, but the viologen dye is reduced in
sonicated cell preparations, and protons are released into the interior of
inverted vesicles of E. coli membranes, indicating that proton transloca-
tion is outward from intact cells.

Jones (1980) measured also the Hy-dependent reduction of BV to its
radical (BV*) by spheroplasts of E. coli and observed that protons were
liberated at the periplasmic aspect of the cytoplasmic membrane—a
conclusion opposite to that of Porte et al. (1979) and Doussiére et al.
(1980) for the hydrogenase of P. denitrificans. In this latter case an
outward proton ejection was observed, however, when spheroplasts of P.
denitrificans were pulsed with small amounts of H,-saturated water in the
presence of electron acceptors of redox potential higher than that of
benzyl viologen, such as cytochrome ¢, ferricyanide, or oxygen (Dous-
siere et al., 1980, and unpublished results). In his experiment, Jones
(1980) incubated E. coli spheroplasts with benzyl viologen and dithionite,
then aerated the suspension to reoxidize intracellular BV* and again
added more dithionite to reduce external BV?**. During the vigorous
aeration step some dithionite was probably oxidized to bisulfite. Mayhew
(1978) has shown that the redox potential of the couple dithionite/bisulfite
varies with the pH of the medium and the concentration of the compo-
nents. This author reported that, in the presence of methyl viologen and
hydrogenase, dithionite can even be formed as a product of the reduction
of bisulfite by H,. Similarly it may be that bisulfite or some other oxidation
product of dithionite able to interact with the membrane, but not benzy!l
viologen, was the true electron acceptor in the experiment of Jones
(1980), and that the observed proton release resulted from the functioning
of an artificial loop of the Mitchellian type. These differing results for the
orientation of the hydrogenases from E. coli and P. denitrificans are not
incompatible, however, since the hydrogenases in these bacteria have
very different physiological roles.

Itis evident that hydrogenases are a heterogeneous group of iron—sulfur
proteins, and much more structural and functional information will be
required before the interrelationships of these enzymes can be estab-
lished. Several hydrogenases have a subunit of around 60,000 MW,
including the hydrogenase from P. denitrificans. To determine whether or
not this has any evolutionary significance will require more information on
the molecular structure of the hydrogenases, including sequence determi-
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nation. Since the electron-transport chain of P. denitrificans has been
investigated very intensively, it is a good candidate for determining how
the hydrogenase is coupled to the rest of the electron-transport chain.
This may provide a model for the mechanism of association of other
membrane-bound hydrogenases with the electron-transport chains of the
organisms in which they are found.
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