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STELLINGEN 

1 

Hageman en Burris hebben bij het bepalen van de oxidatiesnelheid van 

ditioniet door Azotobaater vinelandii dinitrogenase in aanwezigheid van 

het homologe flavodoxine geen rekening gehouden met de spectrale 

veranderingen van het flavodoxine gedurende het verloop van de reactie. 

-Hageman, R.V. en Burris, R.H. (1978) Biochemistry, 17, 4117-4125. 

2 

Het in vitro replicase systeem van poliovirus zoals beschreven door 

Dasgupta et al. lijkt, op grond van de aan VPg toegeschreven rol bij de 

initiatie van de RNA replicatie, voorlopig incompleet te zijn. 

-Dasgupta, A., Zabel, P. en Baltimore, D. (1980) Cell, 19, 423-429. 

-Dasgupta, A., Baron, M.H. en Baltimore, D. (1979) Proc. Natl. Acad. 

Sei. U.S.A. 76, 2679-2683. 

-Petterson, R.F., Ambos, V. en Baltimore, D. (1978) J. Virol. 27, 

357-365. 

-Nomoto, A., Detjen, B., Pozzatti, R. en Wimmer, E. (1977) Nature, 268, 

208-213. 

3 

Een multiple choice examen vergemakkelijkt het leven van de examinator, 

maar devalueert de mogelijkheid tot schriftelijke expressie van de examinandus. 

4 

De relatief lage serumcholesterol concentraties bij vegetariërs kan niet 

worden verklaard door de consumptie van alleen plantaardig eiwit, daar 

voedingseiwit geen effect op deze concentratie heeft bij normocholesteremische 

proefpersonen. 

-Burslem, J., Schonfeld, G. en Howald, M.A. (1978) Metabolism, 27, 

711-719. 

-van Raaij, J.M.A. (1979) Lancet II, 958. 
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5 

De neiging die bij vele onderzoekers bestaat om gemeten waarden te optimaliseren 

is te veroordelen. 

-Reed, L.J., Pettit, F.H. en Eley, M.H. (1975) Proc. Natl. Acad. Sei. 

U.S.A. 72, 3068-3072. 

-Hinkle, P.C. en Yu, M.L. (1979) J. Biol. Chem. 254, 2450-2455. 

-Emptage, M.H., Kent, T.A. en Huynk, B.H. (1980) J. Biol. Chem. 255, 

1793-1796. 

13 
De door Yagi et al. waargenomen veranderingen in intensiteit van C-NMR spectra 

van verrijkt FMN onder verschillende omstandigheden kunnen worden verklaard door 

NOE (Nuclear Overhauser Enhancement) en spin-rooster relaxatie verschillen. 

-Yagi, K., Ohishi, M. , Takai, A. (1976) Flavins and Flavoproteins 

(Singer, T.P. ed) pp. 775-781, Elsevier, Amsterdam. 

7 

Belangstellenden moeten in de gelegenheid worden gesteld grond te huren van de 

gemeente voor het aanleggen van volkstuinen. 

Zonder het zich te realiseren, laten Andersen en von Meyenburg zien, dat 

Escherichia coli een aktief, energie-afhankelijk transhydrogenase bevat. 

-Andersen, K.B. en von Meyenburg, K. (1977) J. Biol. Chem. 252, 

4151-4156. 

9 

De veronderstelling dat er een correlatie bestaat tussen de midpoint potentiaal 

van de electron carrier en de waterstofproduktie aktiviteit van het hydrogenase 

van Rhodospirillum rubrum dient zeer sceptisch te worden bezien. 

-Adams, M.W.W, en Hall, D.O. (1979) Biochem. J. 183, 11-22. 

10 

De lichamelijke conditie van wetenschappers is een academische vraag. 
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LIST OF ABBREVIATIONS 

A 580 absorbance at 580 nm 

albumin bovine serum albumin 

Bv oxidized benzyl viologen 

CI2Ind 2,6-dichloroindophenol 

EDTA ethylene diaminetetra acetate 

E, potential of an oxidation-reduction 

system with reference to the hydrogen 

standard 

E „ E-, at the midpoint of a symmetrical 

titration curve at pH 7 

E S, when S /S = 1 and pH = 0 
o n o r 

EPR electron paramagnetic resonance 
[E], total enzyme concentration in mg.ml 
Fd oxidized ferredoxin ox 
Fd , reduced ferredoxin 

Fl oxidized flavodoxin 

F11L unprotonated species of flavodoxin hydro-

quinone 

Fill, protonated species of flavodoxin hydro-

quinone 

FMN riboflavin 5'-phosphate 

h Hill coefficient 

Hipip high-potential iron-sulphur protein 

K equilibrium constant 

k rate constant 

K Michaelis constant m 
Me?SO dimethyl sulphoxide 

M relative molecular mass 
r2+ 

MV oxidized methyl viologen 
MV methyl viologen semiquinone 

2+ 
(MV)2 methyl viologen semiquinone dimer 
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[S]„ i- substrate concentration at which the 
rate of reaction v = \V 

S sum of the molar concentrations of oxidant 
o 

S sum of the molar concentrations of reduc-
r 

tant 
V rate of reaction at infinite concentra­

tion of substrate 
v rate of reaction 
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1. GENERAL INTRODUCTION 

In recent years mankind became aware of the impending shortage of fossil 

fuels. As a consequence of this 'energy' crisis the search for alternative fuel 

sources has been greatly accelerated. Although many new concepts have been pro­

posed, solar energy has now been duly recognized as the largest and ultimate 

non-fossil, non-nuclear energy resource. However, firstly, the solar energy con­

version efficiency has always been relatively low [1] and, secondly, mankind has 

not yet learned to harness solar energy on a scale commensurate with his ever-

increasing energy demands. On the other hand, the magnitude of the solar radia­

tion that reaches the earth surface is much greater than any of the foreseeble 

needs, so that harnessing solar energy represents an inviting technical target. 

One of the possibilities for solar energy conversion is the biological and bio-

a") 

chemical photo-production of molecular hydrogen '. The capability of many photo-

synthetic microorganisms to produce hydrogen gas has been recognized for many 

years [2]. This process is directly or indirectly linked to the light-dependent 

photosynthetic pathway. However, since the efficiency of this conversion process 

is relatively low, together with the fact that hydrogen production is often sen­

sitive to oxygen (a product of photosynthesis) studies on the possible applica­

tion of this pathway have been precluded in applied research. The biological 

system used for solar energy conversion to produce hydrogen consists of a photo-

system, either natural (chloroplasts) or artificial (photo-receptor plus electron 

donor), an appropriate electron transferring species (natural; flavodoxin, ferre-

doxin, cytochromes, or artificial; low potential dyes) and the enzyme hydrogenase. 

The photosystem enables the formation of electrons with a sufficiently low redox 

potential, which are transferred to hydrogenase, to catalyze the production of 

hydrogen gas. Since hydrogenase is an integral component of such a system, know­

ledge of its structural, physico-chemical and catalytic properties is essential 

for its efficient coupling to the photosystem. Biological photoproduction of hy­

drogen, as opposed to thermo-chemical and physical methods, and hydrogen as fuel 

have several advantages: 

a) Molecular hydrogen (= gaseous hydrogen= dihydrogen = H~) will be designated 

as hydrogen in the text. 
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1) The biological systems operate at physiological temperatures which are gene­

rally much lower than required for chemical or physical production of hydro­

gen. 

2) The only major input in the system would be solar energy and a hydrogen donor, 

probably (salt) water if chloroplasts are used, however, another source of 

electron donor might be necessary using an artificial photo-receptor. 

3) The production of hydrogen would not involve the formation of pollutants, 

as is the case with fossil fuel refineries. 

4) The fuel developed, hydrogen gas, would be clear burning, provided that pure 

oxygen is used (nitrous oxides are formed if air is used) with a high energy 

yield (AG0 = -474.5 kJ/reaction). 

5) The hydrogen produced can be used as a chemical feedstock in the production 

of ammonia, methanol, refined petroleum fuels, hydrogenated vegetable and 

animal oils and other chemicals. 

However, besides advantages photoproduction of hydrogen also has problems: 

1) Inactivation of the (reduced) hydrogenase in the presence of oxygen if chloro­

plasts are used as photoreceptor. 

2) Inherent instability of the photosynthetic apparatus and hydrogenase and also 

biodégradation. 

3) Only part of the light can be used by the photosynthetic apparatus. 

Hydrogen formation from organic matter might also be one of the possibili­

ties to produce hydrogen. In this case biomass can be considered to represent 

the end product of solar energy conversion. 

1.1. HYDROGENASE 

As has been pointed out above, knowledge of the structure, physico-chemical 

and kinetic properties of hydrogenase is essential for its efficient coupling to 

the photosystem. This thesis deals with the properties of hydrogenase from Megas-

phaeva etsdenii. 

Hydrogenases are defined as:" Enzymes catalyzing the reversible activation of 

hydrogen", according to: 

2e + 2H+ Î H 2 (1) 

However, since the discovery of the so-called unidirectional hydrogen-oxydizing 

hydrogenase [3], a better definition for hydrogenases would be: "Enzymes cata­

lyzing the activation of dihydrogen". This definition excludes nitrogenase as 

a hydrogenase since nitrogenase is only capable of producing hydrogen in an ATP-

14 



dependent reaction [4]. 

1.1.1. Historical background 

In 1887 Hoppe-Seyler [5] observed production of equal amounts of H~ and 

C0~ from a calcium solution inocculated with river mud, and he attributed this 

to the presence of bacteria. Pakes and Jollyman [6] showed that pure cultures 

of the colon-typhoid bacteria produced mixtures of C0~ and H2 from glucose or 

formic acid. In 1931 Stephenson and Stickland [7] demonstrated the existence of 

the enzyme hydrogenase in Escherichia coli, which was able to reduce methylene 

blue with H~. 

Besides the wide spread occurrence of hydrogenases [8,9] the purification 

and characterization was often hampered by the association of the enzyme with 

cell membranes, or its oxygen sensitivity. About four decades after the dis­

covery of hydrogenase, reasonable purified preparations were reported of the 

enzymes from Clostridium pasteurianim [10] and Desulfovibrio vulgaris [11-13]. 

Nowadays many purified preparations of hydrogenase from a wide range of micro­

organisms have been described, including from obligate anaerobic [3,14-24], from 

anaerobic phototrophic [25-29], from facultative anaerobic [30,31], from aerobic 

phototrophic [32] and from aerobic chemoautotrophic [33-37] bacteria. 

1.1.2. Hydrogen evolution in heterotrophs 

In the production of hydrogen by strict anaerobes, such as U.elsdenii and 

C.pasteurianum and facultative anaerobes, for example E.coli and Proteus mirabi­

lis, pyruvate plays a key role. Several important enzymes and electron carrier(s) 

function in the dissimilatory breakdown of pyruvate, resulting in the reduction 

of protons to form hydrogen. Figure 1 gives a general scheme of the proposed 

electron flow to produce hydrogen by the obligate anaerobes and facultative an­

aerobes, the latter growing under anaerobic conditions. 
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M. elsdenii 
t 

C.pasteurzanum 

pyruvate E.coli 

P.mirabilis 

pyruvate: ferredoxin 

oxidoreductase 

HPO or Fl° 

acetyl phosphate 

r 2H 

hydrogenase 

pyruvate : formatelyase 

•acetyl CoA 

^ H P 0 4 HCOO 2-

•L acetyl phosphate 

formate dehydrogenase 

• 
cytochrome reductase, 

cytochrome(s), 

or Fl, or Fd 

Y 
hydrogenase 

Figure 1. General scheme for the production of hydrogen gas from the anaerobic 
breakdown of pyruvate by the obligate anaerobes M.elsdenii and C.pasteurianum 
and by the facultative anaerobes E.coli and P.mirabilis. 
( ^ ) electron flow; («*~*^ ) postulated electron flow; a, references for 
M.elsdenii [38-40]; b, references for C.pasteurianum, see [8,9] and references 
therein; c, references for E.coli, see [8,9,31] and references therein; d, refer­
ences for P.mirabilis, see [30] and references therein; Fd, ferredoxin, Fl, 
flavodoxin. 

In the obligate anaerobes pyruvate is dissimilated by pyruvate: ferredoxin 

oxidoreductase: 

CE [j.CO.COO + HSCoA + FdQx/2FlH2 -» CH3.CO.SC0A + Fdred/2F1H3 (2) 

E ? = -510 mV [41]. 
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The thioester energy bond of acetyl CoA is conserved as ATP through the 

intermediate acetyl phosphate by phosphotransacetylase (reaction (3)) and the 

enzyme acetate kinase (reaction (4)): 

CH3.CO.SC0A + HP04
2" -> CH3.CO.P04

2- + HSCoA (3) 

CH3.CO.P04
2" + ADP3" -» CH3.COO" + ATP4" (4) 

The electrons, in the form of reduced ferredoxin or flavodoxin hydroquinone are 

disposed of via hydrogenase: 

2H+ + F d red / 2 F 1 H 3 - H 2 + F d ox / 2 F 1 H 2 ^ 

Em ? = -420 mV [41]. 

Reaction (5) depicts the "valve" function of hydrogenase; to release excess re­

ducing power in the form of hydrogen in order to obtain extra energy from sub­

strate level phosphorylation. 

In the facultative anaerobes, under anaerobic conditions, pyruvate is 

broken down by pyruvate: formatelyase: 

CHj.CO.COO" + HSCoA -» CH3.CO.SC0A + HCOO" (6) 

The formate decarboxylation reaction is catalyzed by the formate hydrogenlyase 

complex, which consists of formate dehydrogenase, probably at least two distinct 

electron transferring proteins, and hydrogenase. 

H + + HCOO" -> -» -> C0 2 + H 2 (7) 

Em 7 = -420 mV [41]. 
rriy 7 

The acetyl CoA moiety is also conserved as ATP through the reactions (3) 

and (4). 

For the facultative anaerobes hydrogenase also serves as "valve" to dispose of 

excess reducing equivalents in order to obtain energy from susbstrate level phos­

phorylation. However, depending on the anaerobic growth conditions electrons 

from the oxidation of formate are either transferred to a terminal electron 
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acceptor by way of the respiratory chain (for example nitrate as terminal elec­

tron acceptor (see refs. [8,9,30,31] and references therein)) or put into the 

hydrogenlyase system to produce CO- and H~. 

1.1.3. A survey on the types of hydrogenases 

Many microorganisms of different physiology and taxonomy contain the en­

zyme hydrogenase [8,9], depicting the metabolic versatility of microorganisms 

as well as the key role for hydrogenase in energy metabolism. Recent reviews 

about the physiological role of hydrogenase in microbial energy metabolism are 

given by Mortenson and Chen [8], Zajic et al.[9] and by Schlegel and Schneider 

[42]. From these reviews it becomes clear that, with exception of the obligate 

anaerobic fermentative bacteria, the role of hydrogenase in energy metabolism is 

strongly dependent on the growth conditions applied to the particular micro­

organism, making generalizations difficult if not impossible. 

The most relevant physico-chemical and kinetic properties of purified hy­

drogenase preparations so far described are summarized in Table 1. This table 

clearly shows that "grouping" of hydrogenases based on the above mentioned cha­

racteristics meets the same problem as ascribing a uniform role to hydrogenase 

in energy metabolism. However, as is the case for the role of hydrogenase in 

energy metabolism of the obligate anaerobic fermentative bacteria (see Table 1) 

striking similarities are observed between the hydrogenases of M.elsdenii [23,24] 

and C.pasteurianum [14-19] with respect to physico-chemical and catalytic pro­

perties. The hydrogenase from Desulfovibrio vulgaris (Hildenborough), as isolated 

by van der Westen et al. [21], shows besides similarities (molecular weight, Fe-S 

content, catalytic activity with methyl viologen semiquinone) also great diffe­

rences (location, natural electron donor, EPR spectra) and therefore has another 

E.C. number (hydrogen: cytochrome c7 oxidoreductase; EC 1.12.2.1) as compared 

to the EC number of the hydrogenases from M.elsdenii and C.pasteurianum (hydro­

gen: ferredoxin oxidoreductase; EC 1.18.3.1). Although belonging to the same 

genus the hydrogenases of D.vulgaris (Miyazaki) [20] and D.gigas [22] have quite 

different kinetic and physico-chemical properties (lower activities and non-

identical subunit structure) as compared with the hydrogenase of D.vulgaris 

(Hildenborough) [21]. 

Some similarity in properties is apparent, between the hydrogenases of the 

anaerobic phototrophic bacteria (see Table 1). These bacteria contain a hydroge­

nase which is/tends to be particulate; its natural electron donor might be a fer-
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redoxin and/or a low potential cytochrome. The enzymes of the anaerobic photo-

trophic bacteria contain one 4Fe-4S cluster which, in the oxidized state, shows 

an EPR spectrum of the so-called Hipip type (high-potential iron-sulphur protein). 

The hydrogen production activity of these enzymes is, compared to the activity 

of the enzymes from M.elsd.eni.-i [23], C.pasteurianum [14] and D.vulgaris (Hilden-

borough) [21], very low (0.3 - 0.8°ê). 

A hydrogenase with very outstanding properties as compared to the other en­

zymes of Table 1 is the soluble hydrogenase from A lealigenes eutrophus [33-35]. 

Besides its complex subunit structure and its lack of sensitivity towards oxygen, 

it contains besides 12Fe and 12S, which are arranged in two 2Fe-2S and two 4Fe-4S 

clusters [35], two additional FMN molecules [34]. These FMN molecules probably 

enable this enzyme to reduce NAD . However, despite the fact that this enzyme 

contains 12Fe and 12S its hydrogen production activity is also rather low; this 

is also the case for the 12Fe-12S and 24Fe-24S containing enzymes from respec­

tively E.aoli [31] and P.mirabilis [30]. 

1.2. OUTLINE OF THIS THESIS 

This thesis deals with the anaerobic purification and properties of the 

hydrogenase (EC 1.18.3.1) from the obligate anaerobic rumen bacterium Megasphaera 

elsdenii. Since this enzyme is a redox enzyme catalyzing the overall reaction: 

2e + 2H+ Î H 2 (1) 

the effects of the electron concentration (in the form of an appropriate electron 

donor) and proton concentration, in relation to the redox potential on the hydro­

gen production activity, as well as the hydrogen oxidation activity were studied, 

resulting in a mechanism for the action of this enzyme. Furthermore the effects 

of oxygen, salts, Me2SO and ethylene glycol on the activity were studied. The 

different chapters of this thesis describe the following aspects: 

2. Purification and characterization of hydrogenase from M. elsdenii, with 

respect to kinetics with flavodoxin hydroquinone, reduced ferredoxin and 

methyl viologen semiquinone. 

3. Effects of oxygen, salts, Me2S0 and ethylene glycol, and storage on the 

hydrogenase activity, as well as EPR spectroscopy of hydrogenase from 

M.elsdenii. 

4. An analysis of the theoretical aspects of product formation in a series 
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coupled redox reactions, with special reference to hydrogenase. 

5. The effects of pH and redox potential on the hydrogen production activi­

ty of hydrogenase from M.elsdenii. 

6. Summary. 

7. Samenvatting. 
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A hydrogenase has been purified to homogeneity from the soluble fraction of the rumen bacterium 
Megasphaera elsdenii, the overall purification is 200 times with a yield of 14 %. The pure enzyme con­
sists of a single polypeptide chain with M, œ 50000 which contains 12 atoms of non-haem iron and 
12 atoms of acid-labile sulphide. The enzyme is rapidly inactivated by 0 2 and it is therefore purified 
under nitrogen and in the presence of sodium dithionite. The optical spectrum of the enzyme, after 
removal of the dithionite with air, shows a peak at 275 nm (£275 »» = 143 mM" 1 cm - 1 ) and a 
shoulder between 350 nm and 400 nm (£400 nm = 46 m M - 1 cm - 1 ) . 

The enzyme catalyses hydrogen production from sodium dithionite at a low rate. The rate is greatly 
enhanced by addition of the electron donors flavodoxin, ferredoxin and methyl viologen. The kinetic 
data with these three electron donors suggest co-operativity, but no indication of self-association of 
the enzyme was obtained. Sodium chloride enhances the rate of hydrogen production with methyl 
viologen semiquinone and changes the kinetic behaviour of the enzyme with this electron donor, 
but causes inhibition of the reactions mediated by ferredoxin and flavodoxin. 

Two kinetic models were developed which are consistent with the kinetic data of the three 
electron donors tested. The apparent co-operativity for the hydrogen production can be fitted with 
the mathematical form of those models. The identical kinetic behaviour of the hydrogenase with the 
one-electron donors flavodoxin and methyl viologen semiquinone monomer and the two-electron 
donor ferredoxin indicates that the hydrogenase accepts two electrons in two separate, independent 
steps and further indicates that the two (4Fe-4S) clusters of the donor ferredoxin are independent. 
The interpretation of the kinetic data with methyl viologen semiquinone is complicated by the fact 
that the semiquinone dimerises, and that the formation of the dimer is enhanced by salt. Taking into 
account the association of this donor, the activity of the enzyme with methyl viologen semiquinone 
can be described by the sum of the activities of the enzyme with methyl viologen monomer and 
methyl viologen dimer. 

The enzyme catalyses the oxidation of hydrogen gas with methyl and benzyl viologen as 
electron acceptors to their semiquinone forms; both electron acceptors show Michaelis-Menten 
kinetics. The hydrogen oxidation activity with both electron acceptors is stimulated by addition of 
sodium chloride. The kinetic data of the oxidation of hydrogen with the two-electron acceptors 
used are consistent with the proposed models, if it is assumed that the pathway followed is 
compulsory. 

At this moment no choice can be made between the models proposed. 

Purified preparations of hydrogenase have been more recently from a second anaerobe, the sulphate-
described from several microbial sources, including reducing bacterium Desulfovibrio vulgaris (strain 
strictly anaerobic bacteria [1 — 12]. The preparation Hildenborough) [6]. Both preparations show high 
that has been studied in most detail was obtained catalytic activity with dithionite-reduced methyl violo-
from the anaerobe Clostridium pasteurianum by Chen gen. The desulfovibrio enzyme differs from the clostri-
and Mortenson [1,13 — 15]. This enzyme consists of dial enzyme, however, in using cytochrome C3 rather 
a single polypeptide chain with M, « 60000 which than ferredoxin as the natural electron donor/acceptor, 
contains 12 atoms of non-haem iron and an equivalent and in further contrast to the clostridial enzyme, it is 
amount of acid-labile sulphide. An enzyme prépara- stable in air. Additional preparations of purified 
tion with similar molecular properties was isolated hydrogenase have been reported from these two 

Enzymes (IUB Recommendations 1978). Hydrogenase or hy- bacteria [ 2 -4 ] , but the molecular and/or catalytic 
drogen:ferredoxin oxidoreductase (EC 1.18.3.1). properties of the preparations differed markedly 
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from those described by Chen and Mortenson [1, 
13 — 15] and Van der Westen et al. [6] ; the differences 
have not yet been explained. Preparations of hydro­
genase have been reported from the Miyazaki strain 
of D. vulgaris [5], and also from Desulfovibrio gigas 
[7], but their specific activities were low and they 
differed in other respects from the preparation isolated 
from the Hildenborough strain of D. vulgaris [6]. 

In this paper we describe a procedure for the 
purification of hydrogenase from the rumen organism 
Megasphaera elsdenii, a strictly anaerobic bacterium 
that produces hydrogen during growth on lactate or 
carbohydrates [16]. The molecular and catalytic prop­
erties of the pure enzyme have been examined and 
found to be closely similar to those of hydrogenase 
from C.pasteurianum [1]. A preliminary account of 
some of these results has been presented at a work­
shop on hydrogenases [17]. 

MATERIALS AND METHODS 

Growth of Bacterium 

Megasphaera elsdenii, strain LC 1 of Eisden et al. 
[16] (formerly named Peptostreptococcus elsdenii [18]), 
was grown on lactate/yeast extract according to the 
methods described by Walker [19] in iron-rich medium 
for the isolation of hydrogenase and ferredoxin, and 
in iron-poor medium for the isolation of flavodoxin 
[20]. 

Purification of Electron Carriers 

Flavodoxin was purified from M. elsdenii by a 
method similar to that described by Mayhew and 
Massey [20]. The 8Fe ferredoxin in this organism [21, 
22] was purified by a procedure similar to that de­
scribed by Mortenson [23] for ferredoxin from Clos­
tridium pasteurianum ; the ratio of absorption, Ai90 „m/ 
^280 a , for the purified preparation was 0.79. Con­
centrations of flavodoxin and ferredoxin were deter­
mined from absorption measurements at 445 (£445 
= 10.2 m M - 1 cm"1) and 390 nm («390 = 30 mM" 1 

cm"1) respectively. 

Assays for Hydrogenase 

Hydrogenase activity was routinely assayed by 
manometric measurement of hydrogen formation 
from dithionite-reduced methyl viologen [1,24]. War­
burg manometers contained in the main compart­
ment, in a final volume of 2 ml: 150 umol Tris-HCl 
buffer, pH 8, 2 umol methyl viologen adjusted to 
pH 8,100 umolNa2S204,1 mg bovine serum albumin ; 
the side arm contained 0.1—0.8 unit hydrogenase 
which, where necessary, had been diluted anaerobically 
in a mixture of 50 mM Tris-HCl buffer, pH 8, 2 mM 
Na2S204 and bovine serum albumin (0.5 mg/ml); the 

centre well contained 0.2 ml 1 M NaOH ; the gas phase 
was N2 and the temperature was 30 °C. The sodium 
dithionite was dissolved anaerobically in 0.5 M Tris-
HCl buffer pH 8 to give 1 M Na2S204 and added to 
the main compartment of the manometer by syringe 
while flushing the manometer with N2. The enzyme 
was added to the side arm under similar anaerobic 
conditions. The reaction was started by tipping the 
enzyme from the side arm into the main compart­
ment. 

Addition of bovine serum albumin (0.5 mg/ml) 
both to the assay and to the buffer used to dilute the 
enzyme is necessary in order to prevent inactivation 
of the hydrogenase with activity greater than about 
50 units/mg. Ovalbumin has a similar stabilizing 
effect, indicating that the effect is not specific. The 
activity of cruder preparations of enzyme is not 
affected by adding protein to the assay. 

The assay was used to study the effect of the 
concentration of methyl viologen on the rate of hydro­
gen production. The concentration of sodium dithi­
onite was increased to 0.1 M when the concentration 
of methyl viologen exceeded 50 mM. It was assumed 
that this change in dithionite concentration does not 
change the rate of gas production because a similar 
increase in the dithionite in the standard assay with 
1 mM methyl viologen has no effect on the initial 
rate. 

Hydrogen oxidation activity of the enzyme was 
assayed by spectrophotometric measurement of the 
rate of reduction of methyl or benzyl viologen. Cu­
vettes that were stoppered with a Suba-seal rubber cap 
contained in a final volume of 1.5 ml: 100 umol Tris-
HCl buffer, pH 8, methyl viologen or benzyl viologen 
as indicated, 0.38 mg bovine serum albumin and an 
oxygen-scavenging system consisting of either 15 umol 
glucose, and 0.37 mg glucose oxidase (Boehringer, 
grade 3; 7.4 units) or 1.5 — 7.5 umol 2-mercaptoethanol 
plus a derivative of vitamin B [2 that was obtained by 
treating vitamin B n with HCl at 65 °C [25]. The 
cuvette and contents, but minus the glucose or Bi2 

derivative, were made anaerobic by five cycles of eva­
cuation and filling with hydrogen gas; after the final 
cycle, the cuvette was filled with hydrogen and then 
equilibrated at 30 °C. The pressure in the cuvette 
was adjusted to atmospheric pressure. The glucose or 
vitamin Bi2 derivative was then added by syringe, 
followed two minutes later by hydrogenase. The rate 
of reduction of methyl and benzyl viologens was 
determined at 604 nm and 540 nm respectively, using 
absorption coefficients of 13.6 m M - 1 cm - 1 for the 
semiquinone of methylviologen [26] and 13.05 m M - 1 

cm~' for reduced benzyl viologen (S.G. Mayhew, 
unpublished results). Since both 02-scavenging sys­
tems catalyse a slow reduction of viologen dyes, it 
was necessary to correct the observed rates for this 
blank activity. 
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Hydrogenase from M. elsdenii was prepared and 
stored in the presence of sodium dithionite; it was 
necessary to remove most of the strong reductant 
before adding the enzyme to the cuvette; this was 
achieved by first adding a trace of methyl viologen 
to the stock solution of enzyme and then adding 
aliquots of an anaerobic solution of potassium fer-
ricyanide until the blue colour due to the reduced 
viologen was still just visible. Control experiments 
showed that this treatment does not cause inactivation 
of the enzyme as measured in the hydrogen-production 
assay. 

As described in Results, the rate of reduction of 
benzyl viologen was also measured in the presence of 
high concentrations of salt (up to 1 M NaCl). It was 
observed that when reactions in the presence of high 
salt are allowed to proceed for periods much longer 
than required for initial rate measurements, a purple 
precipitate is formed in the solution. The nature of 
this precipitate was not investigated; it possibly 
results from polymerization of benzyl viologen semi-
quinone. 

Determination of the Dissociation Constant 
of Methyl Viologen Semiquinone 

Methyl viologen semiquinone is known to dimerize 
[27,28]. Values for the dissociation constant of the 
dimer were determined at 30 °C in 75 mM Tris-HCl 
buffer pH 8 and 50 mM sodium dithionite as used 
in the hydrogen-production assay, and in similar 
mixtures but with the addition of salt. The determina­
tions were made spectrophotometrically by measuring 
the absorbance at 875 nm as described by Thorneley 
[28], using absorption coefficients of 1.15 m M - 1 cm - 1 

and 6.44 m M - 1 cm - 1 at 875 nm for the monomer 
and dimer respectively. 

Chemical Analyses 

Non-haem iron was determined by the method 
described by Massey [29]. Acid-labile sulphur was 
determined by the method described by Fogo and 
Popowsky [30] as modified by Brumby et al. [31]; 
the breakdown products of sodium dithionite in the 
enzyme solution interfere with the determination of 
acid-labile sulphur, and it was therefore necessary to 
use concentrated solutions of hydrogenase as re­
commended by Chen and Mortenson [32], Protein 
was measured by the method of Lowry et al. [33] 
using bovine serum albumin as standard, and deter­
mining the albumin from its absorbance at 280 nm 
with an absorption coefficient of 436 mM" 1 cm - 1 [34]. 
Protein was first precipitated with acetone/diethyl 
ether/trichloroacetic acid (16/4/1, v/v/w) to separate 
it from breakdown products of dithionite that interfere 
with the assay, and the precipitate was then washed 

with 5% (w/v) trichoroacetic acid before carrying 
out the analysis. 

Determination of Molecular Weight 

The molecular weight of hydrogenase was deter­
mined by gel filtration in a column of Sephadex G-100 
[35] that had been calibrated with bovine serum al­
bumin (M, 67 000), ovalbumin (Mt 44 000), chymotryp-
sinogen (M, 25 700) and cytrochrome c (M, 11700) ; an 
additional molecular weight determination was carried 
out by Polyacrylamide gel electrophoresis in the 
presence of 2-mercaptoethanol and sodium dodecyl 
sulphate [36] with glucose-6-phosphate dehydroge­
nase (Mr 100000), bovine serum albumin, ovalbumin 
and trypsin inhibitor from egg white (M, 28000) as 
molecular weight markers. 

Purification of Hydrogenase 

The enzyme is inactivated by oxygen, and all 
operations during the purification procedure were 
therefore performed anaerobically by working in 
closed vessels with nitrogen as gas phase, and with 
2 — 3 mM sodium dithionite present in the enzyme 
solution and all buffers. Column fractions were col­
lected in glass bottles that were closed with a rubber 
septum and filled with N2 ; solutions of enzyme were 
transferred by syringe. Dialysis was performed in 
closed vessels, flushed with nitrogen and containing 
2 — 3 mM sodium dithionite. All operations were 
performed at 4°C. An outline of the purification is 
given in Table 1. 

Extraction of Bacteria. The cell paste of freshly 
harvested bacteria (1 kg) was suspended in 750 ml 
0.1 M Tris-HCl buffer, pH 8, and after adding solid 
sodium dithionite to give a final concentration of 
3 mM, the mixture was passed three times through 
a Manton-Gaulin homogeniser at 750 kg/cm2 (73.5 
MPa). Since centrifugation of the suspension of broken 
cells (20 min at 25000 xg) gave only a very small 
precipitate, the suspension was not centrifuged but 
was used directly for the following step. 

Ammonium Sulphate Fractionation. A mixture of 
solid ammonium sulphate/solid Tris base (100/1.9, 
w/w), was added anaerobically to the broken cell 
suspension to give 60% saturation in ammonium 
sulphate, and stirred for 1 h. The Tris base was added 
to maintain the pH at 8. The suspension was centri­
fuged (30 min at 20000xg), the precipitate was re-
suspended in 250 ml 0.1 M Tris-HCl buffer, pH 8, 
and the resulting turbid suspension was dialyzed for 
about 16 h versus 12 1 50 mM Tris-HCl buffer, pH 8, 
with a change of buffer after about 6 h. The dialyzed 
suspension was centrifuged (30 min at 20000 xg) and 
the black precipitate which was formed was discarded. 

DEAE-cellulose Chromatography. The supernatant 
from the centrifugation step was loaded onto a column 
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(35 cm x 7 cm) of DEAE-cellulose (Whatman DE 32) 
that had been equilibrated with 50 mM Tris-HCl 
buffer, pH 8. The column was washed with 1 1 50 mM 
Tris-HCl buffer, pH 8, and the washings discarded. 
The column was then washed with 41 50 mM Tris-HCl 
buffer pH 8 plus 250 mM NaCl to elute the first of 
two bands of hydrogenase activity (fraction I). The 
salt in the buffer solution was then increased to 320 mM 
to elute the second band of activity (fraction II). The 
activity in fration II usually comprises about half of 
the activity applied to the column; this fraction was 
dialyzed overnight versus 101 15 mM sodium phos­
phate buffer, pH 8 with a change of buffer after 6 h. 
It should be noted that if the protein applied to the 
DEAE-cellulose column exceeds about 12 mg/ml of 
packed gel, the column becomes overloaded and a 
part of the hydrogenase activity corresponding to 
fraction I activity fails to bind. Further steps in the 
purification were carried out with fraction II. 

First Treatment on Hydroxy apatite. The dialyzed 
enzyme was applied to a column (18 cm x 12 cm) of 
hydroxyapatite (Bio-Gel HTP from Bio-Rad) equil­
ibrated with 15mM sodium phosphate buffer, pH8. 
The column was first washed with 250 ml 35 mM 
sodium phosphate buffer, pH 8, plus 35 mM NaCl, 
and then with a linear gradient of NaCl made by 
continuously diluting 500 ml 35 mM sodium phos­
phate buffer, pH 8, containing 35 mM NaCl with 
500 ml 35 mM sodium phosphate buffer, pH 8, con­
taining 500 mM NaCl. The eluted fractions contained 
much protein but no hydrogenase, and were discarded. 
The column was washed further with 750 ml 35 mM 
sodium phosphate buffer, pH 8, containing 500 mM 
sodium chloride followed by washing with 35 mM 
sodium phosphate buffer, pH 8, plus 35 mM NaCl 
(750 ml). The hydrogenase was removed from the 
column by a linear salt gradient made by continuously 
diluting 500 ml 35 mM sodium phosphate buffer, 
pH 8, containing 35 mM NaCl with 500 ml 125 mM 
sodium phosphate buffer, pH 8, containing 125 mM 
NaCl. The centre of the eluted peak of hydrogenase 
activity was at about 55 mM phosphate. The most 
active fractions were combined and concentrated to 
about 15 ml by ultrafiltration in an Amicon Diaflo 
apparatus equipped with a YM 10 membrane. 

Gel Filtration. The concentrated enzyme fraction 
was applied to a column (125 cm x 3.5 cm) of Se-
phadex G-100 that had been equilibrated with 75 mM 
sodium phosphate buffer, pH 8, containing 750 mM 
NaCl. The column was developed with the same buffer, 
and fractions of about 15 ml were collected. This 
high concentration of NaCl in the buffer used for 
this column ensures that the enzyme is separated 
from material that has intense absorption at 257 nm ; 
for instance at 100 mM NaCl, the 257-nm-absorbing 
material is still associated with the hydrogenase-
containing fractions. The most active fractions from 

the gel filtration step were combined and dialyzed 
overnight versus 8 1 10 mM sodium phosphate buffer 
pH 7.6. 

Second Treatment on Hydroxyapatite. The dialyzed 
solution was added to a second column of hydroxy­
apatite (10 cm x 3.5 cm) equilibrated with 35 mM 
sodium phosphate buffer, pH 7.6. The column was 
washed with 200 ml of the phosphate buffer before 
eluting it with a linear gradient made by diluting 
500 ml 35 mM sodium phosphate buffer, pH 7.6, 
with 500 ml 250 mM sodium phosphate buffer, pH 7.6. 
The centre of the peak of activity from the column 
was at about 60 mM phosphate. The most active 
fractions from the column were combined, and the 
enzyme stored in liquid nitrogen. 

Purification of Gases 

Nitrogen and hydrogen gases were freed of oxygen 
by passing them through a column of BASF catalyst 
at about 120 °C, followed by passage through a wash 
bottle that contained a solution of methyl viologen 
semiquinone. 

Analysis of Data 

Computer fits were obtained by adjusting the 
parameters of the theoretical functions with an itera­
tive weighted least-square-fit procedure to the ex­
perimental kinetic data. 

RESULTS AND DISCUSSION 
EXTRACTION AND PURIFICATION 
OF HYDROGENASE 

The hydrogenase activity of Megasphaera elsdenii 
was extracted from the bacterium by breaking the 
cells in a Manton-Gaulin homogenisor. Attemps were 
made to extract the activity from whole cells by a 
variety of milder treatments, including incubation 
with Tris plus EDTA, that have been used to extract 
periplasmic proteins from other gram-negative bac­
teria. Activity was not extracted by these methods, 
a result which suggests that in contrast to the enzyme 
in Desulfovibrio vulgaris strain Hildenborough [6], 
and in Desulfovibrio gigas [7,37], the hydrogenase of 
M. elsdenii is not located in the cell envelope. Cells of 
M. elsdenii are surrounded by a thick coat of carbo­
hydrate, however [38], and it is possible therefore, 
that even if hydrogenase is located in the cell envelope, 
the thick outer layer may prevent its removal by the 
non-disruptive methods that were tested. The hydro­
genase activity in a cell-free extract of cells broken 
as described does not precipitate when the extract is 
centrifuged at 200 000 x g for 90 min, indicating that 
the enzyme(s) (see below) are in a soluble form, as 
also was found by Joyner et al. [39]. 

As summarized in Table 1, the purification leads 
to a 200-fold increase in the specific activity with a 
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Table 1, Purification of a hydrogenase from Megasphaera elsdenü 
The crude extract was prepared from 1 kg bacteria (wet weight) grown in an iron-rich medium [20]. Activity was measured in the standard 
hydrogen-production assay, as described in Materials and Methods 

Step 

Crude extract 
Ammonium sulphate fraction­

ation 0 — 60% saturation 
DEAE-cellulose 

Fraction I (0.2 M NaCl) 
Fraction II (0.32 M NaCl) 

Fraction II: 
First hydroxyapatite 
Sephadex G-100 
Second hydroxyapatite 

Volume 

ml 

2500 

2330 

2950 
2830 

652 
185 
202 

Total protein 

mg 

92000 

59000 

41900 
1700 

273 
116 
64.3 

Total activity 

units 

228000 

187000 

35000 
89600 

66300 
48700 
32800 

Specific activity 

units/mg 

2.48 

3.17 

0.84 
52.7 

243 
419 
510 

Recovery of activity 

% 
100 

82 

15 
39 

29 
21 
14 

yield of activity of 14%. The enzyme as eluted from 
the second column of hydroxyapatite gives a single 
protein band upon electrophoresis on Polyacrylamide 
gel [36]; a single band is also observed when the 
electrophoresis is carried out in the presence of sodium 
dodecyl sulphate and 2-mercaptoethanol to denature 
the protein. The concentration range of purified hydro­
genase used for electrophoresis on Polyacrylamide gel 
in the absence and presence of sodium dodecyl sul­
phate and 2-mercaptoethanol was 10 — 75 ug We con­
clude, therefore, that the final preparation is homo­
geneous. 

A large part of the total activity in the original 
extract is separated in fraction I from the DEAE-
cellulose column. The activity in this fraction differs 
from that in fraction II in its behaviour on DEAE-
cellulose, hydroxyapatite, during gel filtration and 
also in its kinetic properties of the hydrogen produc­
tion with methyl viologen and flavodoxin as electron 
donors and the hydrogen uptake with methyl viologen 
as electron acceptor. Its elution volume from a cal­
ibrated column of Sepharose 4B indicated that it 
corresponds with a protein of M, ss 200000 and that 
it is therefore a larger molecule than the enzyme 
purified from fraction II (see below). Attempts to 
obtain the enzyme in fraction I in a highly purified 
form have not yet been successful however, and it is 
therefore not clear whether it represents a different 
hydrogenase molecule or simply a complex of the 
enzyme in fraction II. 

The pure enzyme from fraction II is stored in 
liquid nitrogen, since it is stable indefinitely under 
these conditions. 

PHYSICO-CHEMICAL PROPERTIES 

Values for the molecular weight of the enzyme 
were obtained from measurements of its elution 
volume from a calibrated column of Sephadex G-100 
[36] and from Polyacrylamide disc gel electrophoresis 
in the presence of sodium dodecyl sulphate and 2-

mercaptoethanol [36]. The values determined by the 
two methods are 49000 and 52000 respectively; the 
close agreement of the value obtained under the 
denaturing conditions of the gel electrophoresis with 
the value from gel filtration indicates that the enzyme 
consists of a single polypeptide chain. 

Chemical analyses for non-haem iron and acid-
labile sulphur gave 11.7 ±1 .3 mol Fe • mol - 1 and 
11.5 ±0 .9 mol S2" mol"1. The iron and sulphide 
content of this hydrogenase is therefore similar to 
those of the hydrogenases from Clostridium pasteu-
rianum [1,15], D. vulgaris strain Hildenborough [6] 
and D. gigas [7], all of which contain about 12 mol 
Fe • mol"1 and 12 mol S2" • m o r 1 . 

The enzyme as it is isolated is yellow-brown and 
it shows a featureless tail of absorption throught the 
visible spectrum, as is typical of proteins which con­
tain reduced Fe4-S4 redox chromophore(s) [40]. The 
protein absorbance in the ultraviolet region is obscured 
by the absorbance of sodium dithionite. Treatment of 
the preparation with air causes oxidation of the 
dithionite and the visible absorbance of the protein 
subsequently increases. The spectrum of this oxidized 
form of the enzyme shows a maximum at 275 nm a 
broad shoulder between 350 nm and 400 nm. The ratio 
^4oo nm/A2i5 nm is 0.32. The absorption coefficient at 
400 nm for the air-oxidized enzyme is 46 mM " ' c m - 1 , 
and it is therefore similar to published values for 12Fe-
12S-containing hydrogenases from other anaerobic 
bacteria [1,6,7]; the absorbance of the enzyme as it is 
isolated is 14% lower. The visible absorbance of the 
air-treated enzyme decreases by 75 % within 2 h at 
room temperature. 

CATALYTIC PROPERTIES 

Hydrogen Production 
with Ferredoxin and Flavodoxin 

Previous work with crude preparations of hydro­
genase suggested that the direct electron donor for 
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Fig. 1. Double-reciprocal plots of the hydrogen production activity, 
v, on the concentration of fully reduced M. elsdenii flavodoxin and 
ferredoxin. With ferredoxin as electron donor the total volume in 
the main compartment of the Warburg manometer was 1 ml. 
(O) Observed initial activity with flavodoxin; (•) observed initial 
activity with flavodoxin plus 1 mM methyl viologen, after correc­
tion for the partial contribution of the production activity with 
methyl viologen; ( ) calculated activity with flavodoxin ac­
cording to Eqns (6) or (7); (A) observed initial activity with fer-
redocin; (A) observed initial activity with ferredoxin plus 1 mM 
methyl viologen, after correction for the partial contribution of 

the production activity with methyl viologen; ( ) calculated 
activity with ferredoxin according to Eqns (6) or (7) 

the enzyme in M. elsdenii is either an 8Fe-8S ferredoxin 
in bacteria grown in iron-rich medium [21] or the 
FMN protein flavodoxin in cells from iron-poor 
medium [41]. This conclusion is supported by experi­
ments which show that the highly purified enzyme 
from iron-rich cells catalyzes hydrogen production 
from dithionite with either of the electron carriers. 
As has been reported elsewhere [17] the enzyme shows 
no activity with cytochrome c$, a low-potential elec­
tron carrier that is believed to be the electron donor 
for hydrogenase in D. vulgaris. Neither ferredoxin nor 
flavodoxin sature the M. elsdenii enzyme at the highest 
concentrations tested, and double-reciprocal plots of 
the substrate saturation curves are not linear (Fig. 1). 
Hill plots for flavodoxin and ferredoxin, using values 
for V of 1000 units mg"1 and 4160 units • mg"1 re­
spectively show values for h of 1.3 and 1.4 ; the apparent 
[S]o.5 values are 0.15 mM and 0.28 mM respectively. 
Chen and Mortenson [1,14] observed that when a 
mixture of ferredoxin and methyl viologen was used 
with C. pasteurianum hydrogenase, the rate of hydro­
gen production was larger than the sum of the rates 
observed when the electron carriers were tested sep­
arately. We have not observed a similar effect with 
M. elsdenii hydrogenase ; the rates with ferredoxin plus 

methyl viologen (1 mM) and flavodoxin plus methyl 
viologen (1 mM) are additive when the concentrations 
of ferredoxin and flavodoxin are in the range of 0.2 — 3 
times the apparent [S]0.5 values. 

Sodium chloride stimulates hydrogen production 
from dithionite with methyl viologen as electron 
carrier (see below). However, it inhibits the reaction 
with ferredoxin and flavodoxin. At concentrations of 
the electron carriers equal to the apparent [S]o.5 values 
the rates of hydrogen production with ferredoxin and 
flavodoxin are halved at an NaCl concentration of 
0.5 M and 0.2 M respectively. It is possible that a 
complex of hydrogenase and carrier is disrupted by 
a high salt concentration, as has been observed for 
the protein-protein complex of ferredoxin-NADP+ 

reductase and ferredoxin [42]. 

Hydrogen Production with Methyl Viologen 
The rate of hydrogen production from dithionite 

with methyl viologen as electron carrier varies with 
the methyl viologen concentration, the pH, and is 
also affected by a variety of salts. It was noticed that 
during the period of measurement of hydrogen pro­
duction in the standard assay the activity of the enzyme 
increased after about 3 umol hydrogen had been 
produced. Dithionite is oxidised during the reaction, 
resulting in the formation of stoichiometric amounts 
of hydrogen and a fall in the pH of the reaction mix­
ture. The buffer concentration in the assay was not 
sufficient to maintain the pH at 8; below this pH, the 
extent of reduction of methyl viologen by dithionite 
decreases [43]. This acidification process can be de­
scribed by the following set of equations : 

V2S2OI SO2 (1) 

S 0 2 - + H 2 0 ^ = ^ HSO3 + H+ + e" (2) 

HSO3 SO!" + H + 

hydrogenase 

The overall reaction is given by 

hydrogenase 

V2 s 2or + H20 ^ S O r + H+ + 72H2. 

(3) 

(4) 

(5) 

The value for the association constant of reaction (1) 
is: Ä, = 7.14 x 108 M" 1 [44], the pA: value for the 
ionization of bisulphite is 6.9 [45]. 

The relationship between the amount of hydrogen 
produced, the pH, the concentration of methyl vi­
ologen semiquinone and the enzyme activity is shown 
in Fig. 2 A. 

The observed change in activity is probably the 
result of two effects : an increase in the rate of hydrogen 
production due to a decrease in pH, and a decrease 
in rate due to a decrease in the concentration of 
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Fig. 2. Dependence of (A) the hydrogen-production activity, the pH 
and the concentration of methyl viologen semiquinone in the standard 
assay and (B) the hydrogenase evolution activity on the total amount 
°f Hi produced. The hydrogenase activity was measured as de­
scribed in Materials and Methods, in the presence of 1 mM methyl 
viologen as electron carrier. (A) The pH was measured in a glass 
bottle which had the same volume as the Warburg vessel and 
contained the same reaction mixture. The bottle was sealed with 
a rubber septum through which a pH electrode was brought into 
the reaction mixture. The system was flushed with N2 and the 
reaction was started by injecting the hydrogenase preparation into 
the reaction mixture. The bottle plus electrode was shaken iden­
tically to the Warburg manometer. It was checked, after the assay 
was finished, that the pH of the Warburg vessel was the same as 
in the glass bottle. The concentration of reduced methyl viologen 
was calculated according to Mayhew [43]. The amount of hydro­
genase added to the Warburg vessel and glass bottle was 1.18 ug. 

( • • ) rate of H2 production^ x x ) pH ; (A A) methyl 
viologen semiquinone concentration. (B) The concentration of the 
Tris-HCl buffer pH 8 was varied: ( • • ) 30 mM; (O O) 
50mM; (x x) 75mM; (A A) 150mM; (A A) 
350 mM ; ( • • ) 500 mM 

methyl viologen semiquinone. The change in rate 
was also measured at several concentrations of Tris-
HCl buffer, pH 8 (Fig.2B). It appears that the initial 
activity decreases with increasing buffer concentra­
tions, but the acceleration of hydrogen production dis­
appears. An increase of rate due to the decrease of 

0.4 0.6 Q8 

[Salt] (M) 

Fig. 3. Dependence of the hydrogen-production activity on the con­
centration of buffer, NaCl and MgCl2. Hydrogen-production ac­
tivity was measured as described in Materials and Methods with 
1 mM methyl viologen semiquinone as electron carrier. ( • • ) 
Initial hydrogen production activity with varying concentrations 
Tris-HCl buffer, pH 8 ; (O O) initial evolution activity in the 
standard production assay, with increasing amounts of sodium 
chloride ; ( x x ) initial evolution activity in the standard pro­
duction assay with increasing amounts of MgCl2 ; (A A) initial 
production activity in the presence of various concentrations of 
sodium phosphate buffer, pH 8.0; (A A) initial activity in 
sodium phosphate buffer, pH 8.0 (140 mM) at increasing concen­
trations of sodium chloride 

pH was also observed with ferredoxin and flavodoxin 
as electron carriers. 

Salts such as sodium phosphate, pH 8, NaCl and 
MgCb cause an increase in activity; the increase is 
linear with the concentration of NaCl and MgCU 
(Fig. 3). The apparent specific activity of the enzyme 
after addition of 1 M NaCl to the assay with 1 mM 
methyl viologen is 1470 units • mg"1 compared with 
a value of 510 units • mg"1 in the absence of the salt. 
The stimulation observed with 1 M MgCb (1890 units 
• mg-1) is twice that by 1 M NaCl, suggesting that 
the effect is due to the anion. The inhibition by Tris-
HCl buffer has previously been observed with prep­
arations of hydrogenases from other sources [4,14]. 

The effect of the concentration of methyl viologen 
on the rate of hydrogen production was examined in 
detail by using the standard assay mixture with and 
without the addition of NaCl. The highest concentra­
tion of methyl viologen tested (70 mM) does not 
saturate the enzyme, and double-reciprocal plots of 
the substrate saturation curves are not linear (Fig. 4). 
Hill plots of the data in the absence and presence of 
NaCl (1.0 and 1.5 M) show two linear regions of 
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Fig. 4. Double-reciprocal plots of the hydrogen-production activity, 
v, of M. elsdenii hydrogenase on the concentration of reduced methyl 
viologen in the absence and presence of sodium chloride. (O) Observed 
activity in absence of NaCl, ( ) activity calculated according 
to Eqn (7) ; (•) observed activity at 1 M NaCl, ( ) activity cal­
culated according to Eqn (7); ( x ) observed activity at 1.5 M NaCl, 
( ) activity calculated according to Eqn (7) 

different slope. In all three cases below 5 mM methyl 
viologen h is about 0.7; above a dye concentration 
of 8 mM h is about 1.5. 

Sodium dithionite is always present in excess in 
the assay, and the methyl viologen is therefore present 
in its semiquinone form. This reduced form is known 
to dimerize with a dissociation constant of about 2 mM 
[27,28]. It is possible that the emzyme has different 
kinetic constants for the monomer and dimer, and that 
the monomer-dimer equilibrium accounts at least in 
part for the non-linearity in the double-reciprocal 
plots and for the biphasic Hill plots. At concentrations 
of methyl viologen below 5 mM the monomer is 
probably the main substrate and at concentrations 
above 8 mM monomer and dimer probably both 
serve as substrate. 

It was observed that the colour of methyl viologen 
semiquinone changed from blue to purlpe as the NaCl 
concentration was increased. Quantitative determina­
tion of the dissociation constant as described in 
Methods showed that high salt favours formation of 
the dimer. In 0, 0.1, 1.0 and 1.5 M NaCl the values 
determined for KA are 8.6, 5.3, 1.2 and 0.85 mM re­
spectively. 

As has been reported elsewhere [17] D. vulgaris 
hydrogenase shows saturation kinetics up to about 
2 mM methyl viologen, but the rate further increases 
with increasing methyl viologen to give a maximum 

activity at about 15 mM of the dye. This effect supports 
the idea that the hydrogenases of M. elsdenii and 
D. vulgaris have different kinetic constants for the 
monomer and dimer forms of methyl viologen semi­
quinone. 

Hydrogen Production 
without an Electron Carrier 

Purified hydrogenase produces hydrogen from 
dithionite even in the absence of an electron carrier, 
but the activity is low (2.0 umol H2 m in - 1 mg - 1 ) . The 
activity increases by addition of NaCl to give values 
of 5.1, 8.2 and 11.2 umole H2 min"1 mg"1 in 0.5 M, 
1.0 M and 1.5 M NaCl respectively. It is known that 
solutions of sodium dithionite contain small amounts 
of SOI in eqilibrium with dithionite ion (SiOl") 
[44]. High salt concentrations may increase the dis­
sociation constant of this equilibrium, and if SOI" can 
serve as substrate the increase in its concentration 
might account for the observed increase in activity. 
However, an effect of salt on the hydrogenase itself, 
resulting in an increased activity in the presence of 
salt, cannot be excluded because the hydrogen oxida­
tion activity is also stimulated by addition of NaCl (see 
below). 

Hydrogen Oxidation with Methyl Viologen 
and Benzyl Viologen as Electron Acceptors 

The enzyme has been shown to catalyse the oxida­
tion of molecular hydrogen with ferredoxin, flavo-
doxin, methyl viologen and benzyl viologen, FMN, 
2,6-dichloroindophenol and methylene blue as electron 
acceptors, but not with NAD(P)+ (2 mM). The spec-
trophotometric assay described in Materials and 
Methods was used to study the effect of varying con­
centrations of the viologen dyes on the hydrogenase 
activity. A double-reciprocal plot of the kinetic data 
for benzyl viologen was linear in the range 0.1 — 45 mM 
of the dye concentration; the V is 9000 umol • m in - 1 

• mg - 1 and the Km value is 5.7 mM. The Lineweaver-
Burke plot for the kinetic data for methyl viologen 
is also linear for the concentration range of 0.1 — 
80 mM. The V is 42000 umol • min"1 • mg"1 with a 
very high Km value of 171 mM. 

In contrast to its inhibitory effect on the hydrogen 
production reaction, Tris-HCl buffer, pH 8, was found 
to stimulate hydrogen oxidation with methyl or benzyl 
viologen as electron acceptor (Fig. 5 A and B). Sodium 
chloride and magnesium chloride also enhance the 
activity with methyl or benzyl viologen, and the in­
crease is linear with the salt concentrations up to about 
0.5 M. The rate continues to increase at higher salt 
concentrations, but the increase is no longer linear. It 
is possible that the non-linearity at high salt concentra­
tions is due to a decreasing solubility of hydrogen gas 
[46]. 
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Fig. 5. Dependence of the hydrogen-oxidation activity on the concentration of buffer, NaCl and MgCh. (A) Hydrogen-oxidation activity was 
measured as described in Materials and Methods with 1 mM methyl viologen as electron acceptor. ( • ••) Initial hydrogen-oxidation 
activity with varying concentrations Tris-HCl buffer, pH 8 ; (O O) initial consumption activity in the standard assay with increasing 
amounts of NaCl ; ( x x ) initial activity in the standard assay with increasing amounts of MgCl2 ; (A A) initial consumption activity 
in the presence of various concentrations of sodium phosphate buffer, pH 8.0; (A A) initial activity in sodium phosphate buffer, pH 8.0 
(100 mM) at increasing concentrations of NaCl. <B) Hydrogen oxidation activity with 1 mM benzyl viologen as electron acceptor. Symbols 
are as for (A) 

Fig.6. Models for M. elsdenii hydrogenase activity. k\, k-\, ki, etc. 
are rate constants; [D] reduced electron-donor concentration; 
[A] oxidized electron-acceptor concentration; E, hydrogenase en­
zyme; E~, one-electron-reduced enzyme; EH + , enzyme-proton 
complex; EH, enzyme — native-hydrogen complex; E2~, fully re­
duced enzyme; EH", enzyme-hydride complex 

COMPUTER FITTING OF KINETIC DATA 

As has been pointed out by Atkinson and Walton 
[47] and confirmed by the kinetic models of Ferdinand 
[48], Fisher and Hoogland [49] and Sweeny and 

Fisher [50], kinetic patterns showing apparent co-
operativity can be obtained with two-substrate en­
zymes which have one catalytic centre. Because the 
hydrogenase consists of a single polypeptide chain, 
and no indication was obtained of a higher order of 
enzyme complex, the kinetic data for hydrogen pro­
duction were further analyzed to obtain a kinetic 
model which does not involve co-operativity. Two 
kinetic models were developed which are consistent 
with the data (Fig. 6). It could be shown that models 
in which the enzyme reacts in a compulsory way with 
a reduced electron donor and a proton, give rate 
equations which cannot fit the data. The general rate 
equation for the two models for the initial hydrogen 
production is : 

v = Xl [D] + x2 [D]2 + x3 [D]3 

[E], " X4 + x5 [D] + Xe [D] 2 + [D] 3 (6) 

in which [E], is the total enzyme concentration, [D] is 
the concentration of the reduced electron donor and 
Xi is a set of rate constants for the individual steps, 
taking into account that the proton concentration is 
kept constant at 10 nM. 

The results of fitting the kinetic data for reduced 
flavodoxin and ferredoxin according to Eqn (6) are 
given in Table 2. As can be seen in this table, the con­
tributions of ^i[D] and xt are relatively small espe­
cially at donor concentrations exceeding 0.1 mM. This 
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Table 2. Results of fitting the kinetic data forflavodoxin andferredoxin 
according to Eqn (6) 
x\ —xb are rate constants according to Eqn (6). The concentration 
range given is that of the electron donor used to test the hydrogenase 
activity ; n is the number of experiments performed at different donor 
concentrations 

Parameter 

x, 
* 2 

* 3 

X» 

X, 

x6 

[S]o.5 
V 
Standard error 

estimate 
Concentration 

range 
Substrate 

inhibition 
n 

Unit 

mM3 min-1 

mM2 min-1 

mM min~' 
mM3 

mM2 

mM 
mM 
mmol min -1 mg -1 

°/o 

mM 

Value for 

flavodoxin 

0.0151 
0.870 
0.995 
0.0053 
0.150 
0.903 
0.158 
0.995 

0.6 

0.003-

-
17 

0.63 

ferredoxin 

0 
4.16 
1.73 
0.074 
0.345 
0.600 
0.277 
4.16 

0.8 

0.005-0.58 

-
17 

is the case if in both models one step is relatively 
slow. For model I (Fig. 6) this occurs if one of the 
rate constants k\ — ke or both rate constants ki and 
k--i, or in model II (Fig.6) one of the rate constants 
ki—ks is very small. Therefore, neglecting xi[D] and 
xt, Eqn (6) simplifies to the following rate equation : 

v X2 [D] + x 3 [D]2 

x5 + x6 [D] + [D]2 • ( ? ) 

Computer simulations of the data for flavodoxin 
and ferredoxin according to Eqn (7) fit almost as 
well as those obtained with Eqn (6) (cf. standard error 
of estimate in Table 3). 

For both models it can be concluded, firstly, that 
oxidized (E) or reduced (E") hydrogenase reacts with 
a proton ; if this were not so Michaelis-Menten kinetics 
would be observed. Presumably the proton is in the 
immediate vicinity of its electron-accepting site(s). 
Secondly, because of the low proton concentration 
the rate constants connected with the proton are at 
least ten times greater than those connected with the 
carrier. 

For both models it can be shown theoretically that 
a mixture of two carriers will give the sum of the 
activities of the individual carriers. This is confirmed 
by the results with flavodoxin plus methyl viologen 
and ferredoxin plus methyl viologen. Methyl viologen 
semiquinone consists of a mixture of the semiquinone 
monomer and the dimer form [27,28]. It is assumed 
that the activities with the monomer and dimer forms 
are also additive and that both activities fulfill Eqns (6) 
or (7) but with different values for the kinetic con­
stants Xj. 

Eqn (7) was used to describe the activity towards 
methyl viologen, in the absence and presence of NaCl; 
it is less complicated than Eqn (6) and it fits the data 
for flavodoxin and ferredoxin almost as well (Table 3). 
As can be seen from Fig. 4 the theoretical curves show 
a good fit with the experimental data. 

The results of fitting the activities with methyl 
viologen, flavodoxin and ferredoxin according to 
Eqn (7) are collected in Table 3. Several conclusions 
can be drawn from Tables 2 and 3. The natural two-
electron donor ferredoxin shows identical kinetic 
behaviour compared with the one-electron donors 
flavodoxin (natural) and methyl viologen semiquinone 
monomer (artificial). This means that the hydrogenase 
accepts two electrons in two separate steps from 
flavodoxin and methyl viologen. Because of the iden­
tical kinetic behaviour towards ferredoxin the hydro­
genase also accepts the electrons in two discrete one-
electron transfer steps from this electron donor. This 
indicates that the two (4Fe-4S) clusters within the fer­
redoxin are independent. 

The conclusion that the ferredoxin releases one 
electron per step can probably also be extended to the 
artificial donor methyl viologen semiquinone dimer. 
The calculated partial contributions of the monomer 
and dimer to the hydrogenase activity are shown in 
Fig. 7 A and B respectively. It is shown, that from 
0 up to 1.0 M NaCl the increase in activity can 
mainly be ascribed to the monomer, while from 1.0 M 
up to 1.5 M NaCl the further increase in activity is 
due to the dimer. 

The dimer shows substrate inhibition (cf. Table 3 
and Fig.7B); this might be explained by the fact that 
methyl viologen semiquinone not only dimerizes, but 
possibly forms still larger complexes [51]. Such poly­
merisation products might also react with the enzyme 
but with different values for the kinetic constants. 
On the other hand substrate inhibition can also be 
observed if a preferential pathway becomes less im­
portant because of an increase in concentration of 
a substrate, as has been shown by Ferdinand [48]. 

Electron paramagnetic resonance (EPR) experi­
ments (to be published) show that the hydrogenase 
contains three (4Fe-4S) clusters of which two are of 
the ferredoxin type and one of the high-potential 
(Hipip) type. The EPR spectra of the reduced enzyme 
and the oxidized enzyme are very similar to the cor­
responding EPR spectra of C. pasteurianum hydro­
genase [2,13,14]. The EPR spectra of our reduced 
enzyme, reduced with dithionite or H2 (E2~ and EH" 
in model I; EH" and EH2 in model II), do not show 
proton splitting, indicating that the reduced enzyme 
is mainly in the E2 " form. This favours model I com­
pared to model II and further indicates that in the 
first model the ratio ks[K + ]jk-s is very small. It can 
be shown that at low electron-donor concentrations 
the formation of an enzyme-proton complex is domi-
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Table 3. Results of fitting the kinetic data according to Eqn (7) for flavodoxin, ferredoxin and for methyl viologen in the absence and 
presence of sodium chloride 
Xi are rate constants according to Eqn (7). Other details as in Table 2 

Parameter Unit Value for 

flavodoxin ferredoxin methyl viologen semiquinone 
(no NaCl) (no NaCl) 

monomer at NaCl 

1.0 M 

dimer at NaCl 

1.0 M 1.5 M 

Xi mM min 0.425 10.6 4.38 48.4 13.1 
Xi mM m i n - 1 

JC 5 mM 2 

x6 mM 
[S]o.s mM 
V mmol min" 
Standard error 

estimate % 
Concentration 

range mM 
Substrate 

inhibition 

1.066 
0.0083 
0.171 
0.148 
1.07 

4.16 
0.0177 
0.234 
0.281 
4.16 

3.62 
0.0627 
5.80 
5.44 
3.62 

7.25 
2.67 
4.15 
2.11 
7.25 

7.16 
3.74 
6.68 
2.54 
7.16 

3.36 
37.5 
0.0062 
5.75 
3.41 

2.74 
167 

0 
3.32 
3.69 

4.18 
110 

3.60 
2.97 
7.44 

2.2' 

0.003-0.63 0.005-0.58 0 . 1 - 70 " 0 . 1 - 4 5 b 0 . 1 - 4 0 b 

2.2" 

0 . 1 - 70 " 0 . 1 - 4 5 " 

24 

a Calculated for the sum of the monomer and dimer activities at 0, 1.0 and 1.5 M NaCl respectively. 
b This range is given for the concentration of this dye without taking the dimerization into account. 

02 Q4 Q6 
1/[Methyt viologen*] (mM"1) 

Q2 0.4 0.6 0 8 
1/[(Methyl viologen)*] (mW) 

Fig. 7. Computer fillings according to Eqn (7 j on the concentration of methyl viologen semiquinone monomer (A) and dimer (B) in the absence 
and presence of NaCl. ( ) Fitting in absence of NaCl; ( ) fitting at 1 M NaCl; ( ) fitting at 1.5 M NaCl 

nant for both models. This favours model II because 
model I shows a deprotonating step (EH" -» E") 
which is assumed to be fast. Therefore no choice can 
be made between the two models at present. 

We propose that the ferredoxin-type clusters each 
randomly react with an electron-donor and a proton. 
However, the mechanism of the formation of hydrogen 
from this fully reduced enzyme-proton complex and 
the function of the Hipip-type cluster is not yet clear. 

Recently Chen [52] proposed two mechanisms for the 
hydrogenase of C. pasteurianum; in our opinion neither 
of these mechanisms can explain the published kinetic 
data [1,53]. The proposed mechanism I of Chen [52] 
predicts that the rate will depend on the square of 
the concentration of the electron donor, but the 
double-reciprocal plots were linear [1,53]. His me­
chanism II closely resembles our model II; Michaelis-
Menten kinetics for this model can only be obtained 
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if the enzyme reacts compulsory with the electron 
donors and protons. It should be pointed out, however, 
that the concentration range of ferredoxin tested with 
C. pasteurianum hydrogenase was quite narrow and 
might not have been wide enough to observe the non-
linearity we find with our enzyme. 

As mentioned earlier the kinetics of hydrogen 
oxidation show Michaelis-Menten kinetics. This kine­
tic behaviour can be explained by the two models 
(Fig. 6) if it is assumed that the reaction mechanism 
for the hydrogen oxidation is compulsory. This means 
that in model I the pathway will be E -> EH~ -> E2~ -> 
E~-»E assuming that k7[H

 + ]/k-7 is very small. In 
modell II the exact order of intermediates cannot be 
specified. 

APPENDIX 

Xi as a Function of ki, 
the Proton Concentration and 
the Hydrogen Concentration 

In both models for the hydrogen production the 
electron-donor concentration [D] is variable, the pro­
ton concentration is constant and the electron-accep­
tor concentration [A] and hydrogen concentration 
are zero. 

In both models for the hydrogen oxidation the 
electron-acceptor concentration is variable, the hydro­
gen and proton concentrations are constant and the 
electron-donor concentration is zero. 

COMPARISON WITH HYDROGENASES 
FROM OTHER ANAEROBES 

The purified hydrogenase from M. elsdenii can be 
compared with enzyme preparations obtained from 
the strictly anaerobic bacteria C. pasteurianum [1,2], 
D. vulgaris strain Hildenborough [6] and D. gigas [7]. 
At least two different preparations of hydrogenase 
have been reported for each of these three bacteria, 
the physico-chemical properties of the purified en­
zymes varying with the preparation. All of the most 
recent preparations reported, however, contain about 
12 atoms of iron and an equivalent amount of acid-
labile sulphide, similar to that found in the preparation 
from M. elsdenii, and, with the exception of the pre­
paration from D. gigas which contains an additional 
subunit of molecular weight 26000, the enzymes con­
sist of a single subunit in the molecular weight range 
50000-60000. 

The catalytic properties of the enzyme from 
M. elsdenii seem to resemble closely those of hydro­
genase from C. pasteurianum. Both enzymes show high 
activity in the hydrogen-production assay with methyl 
viologen and either ferredoxin or flavodoxin; in 
contrast to the enzymes from D. vulgaris and D. gigas, 
they fail to catalyze hydrogen production from dithio-
nite-reduced cytochrome C3. These two enzymes fur­
ther resemble one another in being rapidly inactivated 
in air. The kinetics of reaction of C. pasteurianum 
hydrogenase with methyl viologen has recently been 
examined by Erbes and Burris [53] who also used 
manometric and spectrophotometric assays to mea­
sure hydrogen production and oxidation respectively. 
They observed linear double-reciprocal plots for the 
hydrogen production assay when the methyl viologen 
concentration was varied. However, the range of 
concentration which they examined was not wide 
(0.08 mM to 2.5 mM methyl viologen) and this range 
may not have been sufficient to observe irregularities 
similar to those reported in this paper for the enzyme 
from M. elsdenii. 

Model I: Hydrogen Production 

Denominator = kik3k4k-5k6 + (kik3kik5k6 

+ i i feWA)[H*] . 

Xl = {(klk-2k3k5k-7kS)[H*f + (klk-ikskekjks 
+ fafe*4*5*:-7Ä8)-[H + ]3 + (k2kJc,k6k-,k»)[H + f}l 
denominator. 

x2 = {(kik-2k3k5k6ks + k1k3kjc5k-7ks)[li + ]2 

+ (kiktkakihks + k2k3kik5k6k8)[H
 + f}j 

denominator. 

x3 = (kikikikskekgflH* ]/denomm&tor. 

-7&8 + k^2k3k5k~7ks 

7£8)[H
 + ]2 + (kik-zkihnks 

XA = {(kik-2ksk 
+ kikiksk-
+ k2k3ksk-7ks + k2kikik-ika 
+ k-2k5k6k7ks)[H

 + ]3 + (kikikskykg 
+ A:2&5&6fc7fc8)[H + ]4}/denominator. 

X5 = {kik-2k3k-5k-1+ (kik-2k3ksk-7 + kik-2kik-7ks 
+ kik-ik-skekn + k2k3k4k-5k-7)[H

+] 
+ (kik -2k^k(,ki + ktk-^keks + kiktk5k-7ks 

+ k2k3kiksk-7 + k2k3kik-1kfi 

+ k2k4.k-5k6k7 + k-2k3k5k6ks)[H
 + ]2 

+ {kikiksk-ik» + k2k3kikiks + k2k3k5k6k8 

+ k2kaM.ikf>ki + &4fc5/c6Ä:7fc8)[H+]3}/denominator. 

x6 — {kik-2k3k-5k6 + kik3kik-5k-7 + (kik-^kskt, 
+ kik-2k3k6ks + ki^kiksk--! + kik3k4k-7ks 
+ kikjc-skek-i + k2k3k4k-sk6)[H

 + ] 
+ (kiktksksk-i + kik4k5k6ks + k2k3k4k5k6 

+ k3kiksk6ks)[H
 + ]2}/denominator. 

Model I: Hydrogen Oxidation 

Denominator = k-ik-2k-3k-ik-7 

+ k-ikik-ik-ik-elH*] 
+ k-ik-sk-Jc-tk-slHz]. 
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Xi = {k-ik-2k-3k-5k-7k-a + (k-ik-2ksk-6k-7k-a 
+ k-2k-3k^k-5k7k-a)[H + ] 
+ &-2&-4£5&-6Ä:7fc-8[H+]2}[H2]/denominator. 

xi = {k-ik-ik-ik-ik-sk-ij + k-ik~2k-3k-6k-7k-a 
+ (k-ik-2k-4k5k-6k-s 
+ k-2k-ik-ik-(,k-1k-s)[H

+]}[H2]ldenomimi-
tor. 

x3 = k-ik-2k-ik-ik-6k-a[H2]ldenommatoT. 

xt = {(k-lk-2k-sk-1k-s + k-2k-3k^5k-7k-a)[H2] 
+ (k-ik-2ksk7k-a + k-2k-3k-5k7k-a 
+ k^k-ik-sbk-s + k-2k5k-6k-7k-a)[H + ][H2] 
+ k-ik-iksk-nkdH + f + (k-2k-ik5k-,k-s 

+ k-2k$k-6k-,k^)[H + f[H2] + (k-ik2k,k-7ks 

+ k^k-ikskiksKH+f + k2k-4k5k-,ks[H
+f}/ 

denominator . 

Xi = {{k~ik-2k--$k-ik-$ + k-ik-2k^4k-sk-g 
+ k-2k-zk-ik-5k-s + k^2k-3k-6k--,k-s)[H2] 
+ (k-ik2k-ik-$k--, + k-ik-2k-3k-5k-7 

+ k-ik-2k-ik-jks + k-ik-Jisk-nk-! 
+ k-2k-3k^4.k-5k7)[H

 + ] + (k-ik-2k-4k5k-s 

+ k-ik^2k5k-6k-s + k-2k-3k-4k7k-s 

+ k-2k-3k-6k7k-s + k-3k-4k-5k7k-a)[H+][U2] 
+ (k-ik2k-3k-7ks + k-ik2k5k-6k-7 
+ k-ik-2k-4ksks + k2k-3k-4k-5k7 

+ k-ïk-ik-tknkg +k-2k-iksk-6k1)[H
 + ]2 

+ k-iksk-ehk-slH*]2^] + (k-^k-iksks 
+ k2k-3k-4k7ka + kik-Jc,k-6ki)pi + Y} /de­
nominator . 

X(, = {k-lk-2k-}k-4k^5 + k-ik-2k-}k-ek-7 
+ (k-ik-2k-ik-4k-s + k-ik-2k-ik-6k-8)[H2] 
+ (k-ik2k-ik-Jc-s + k-lk2k-3k-6k-1 

+ k-ik-^-ik-tkg + k-\k-2k-A,kik-i 
+ k-2k-3k-4k-6k7)[H

 + ] + (k-ik-4ksk-6k-s 

+ k-3k-4k-6k7k-s)[H
 + ][H2] + (k-ik2k^k-4ks 

+ k-1k2k-4k5k-6 + k2k-3k-4k-6k-i)[H + ]2}/ 
denominator . 

Model II: Hydrogen Production 

Denomina tor = kikiksksfaks + k3k-7 + k7kg 
+ k3k7[U

 + ] )[H + ]. 

Xi = {kik-2k3k5k-6k7kg + (kik-2k3k6k7kakg 
+ k2k3k4k,k-6k7k9)\H+] 
+ k2kiktk6k1ksk9[H

 + ]2} [H + ]2 /denominator . 

X2 = kikik9{k-2ksk1k% + kjksk-tki + (k4k5k7ka 
+ k4k(,k7ks) [H + ] } [H + ]2 /denominator . 

Xi = kikikJ<.5k7kik9\H* f / denominator . 

x4 = k7kg{kik-2k-3k-6 + (kik-2k3k-6 

+ k2k-ikik-6 + k-2k3ksk-6)[ïl
 + ] 

+ (k2k}kik-6 + k2k3k5k-6 + k-2k3k6ks)[H
 + ]2 

+ (k2k3k4k6 + k2k3k<,ka) [H + ] 3 }[H ^ / d e n o m i ­
nator . 

x5 = {kik-2k-3k5k-6kg + kik-2k-3k7kskg 
+ kik-Jitk-nk-ikg + kik-2kik-(,k7kg + hk-2kf,k7kg 
+ (kik2kik6k7kg + kik-2k3ksk-6k7 

+ kik-2k-ik-ikskg + kik3k4.k-6k7kg 

+ kik3k5k-6k7k9 + kik3k6k7kskg 
+ k2k-sk4ksk-(,k-1 + k2k3kik5k-6kg 
+ k2k-iknk7kzkg + k-2k3k5k7kskg 
+ kik4k5k-6k7kg)[H + ] + (kik-2k3k6k7ks 

+ ktk -2k3k6k7k9 + k2k3kjcsk-6k7 

+ k2k3kik(,k-7kg + k2k3kjc7kskg 
+ k2k3k5k7ksk9 + k3kj<:6k7kakg) [H + ] 2 

+ k2k3k4k6k7k8 [H + ]3} [H + ] /denominator . 

Xf, — {kik-2k3kskakg + k\k-2kajk7kzkg 
+ kik-2ksk7kskg + kik3kiksk-t,k--i 
+ kik3k4ksk -6kg + (kik-2k3k5k7ks 

+ kikikjiik -ék7 + k\k3k4k6k-7ki 
+ kik3kik7kakg + k2k3k4.ksk-7ks 
+ k2k3k4k5kakg + k3k4k$k7kskg)[H +] 
+ kikik-jksikike + A:2fes)[H+]2}[H+]/denomi-
nator . 

Model II: Hydrogen Oxidation 

Denomina tor = k-ik-^k-sk- s(k-2k-6 

+ k2k-6[H
+] + k-2k-g[U2}\ 

xi = k-2k-g{k^ik-3k-sk-6k-7 + (k-\k-3k-6k7k-s 

+ k-3k-4k~5k-6k-7)[H
 + ] 

+ k3k~4.k -6k7k - s [H + ]2} [H 2 ] /denominator . 

x2 — k-2k-6k-9{k-ik-3k-sk-a + k-ik-Jc-sk--, 
+ (k-ik-Jcjk-s + fc3A:-4yt-5A;-8)[H

 + ]}[H2] / 
denominator . 

x3 = fc-iA:-2fc-4.Ä:-5A:-6fc-8^-9[H2]/denominator. 

X4 = (k-2k~3k-6k-7k-9(k-i + k-5)[H2] 
+ {k-ik-2k-3k-(,k7kg + k-2k-6k-g(k-ik-3k7 

+ k3k-4k-7 + k3k-5k-7 + A : - 3 ^ - s ) [ H 2 ] } [ H + ] 
+ {k-6k7kg(k-ik2k-3 + k-2k3k-4) 
+ k-2k3k-g(k-4k-(,k7 + k-sk6k-7 

+ fc-6/t7ifc_8)[H2]}[H+]2 + (k2k3k-4k-6k-7kg 
+ A:-2A:3A:6fc7A:-8^-9[H2])[H

 + ]3) /denominator . 

Xi = (k~2k-3k-sk-6(k-ik-7 + k-ikg + k-2k-7) 
+ k-2k-g(k-ik-3k-sk~6 + k-ik-ik-sk-i 
+ k-!k-sk6k-7 + k-ik~sk-6k-7 + k-ik-èk-ik-s 
+ k-3k-5k-6k-a)[H2] + {k-ik2k-3k-sk-6k-7 

+ k-ik2k-3k-5k-6kg + k-ik-2k-3k-6k7k-a 
+ k-ik-2k-4k-6k7kg + k-2k3k-4k-sk-6kg 
+ k-2k-3k-4k-6k7k-a + k-g(k-ik-2k-3k7k-a 
+ k-xk-2k-4k-bk7 + k-tk-^-skék-^j 
+ k~2k3k-4k-5k-6 + k-2k3k-sk-6k-a 
+ k3k-4k-5k-6k-7)[H2]\[H+] 
+ { ^ - 6 ( ^ - 1 ^ - 3 ^ 7 ^ - 8 + k-lk-4k7kg 
+ k3k-4k-5k-7 + k3k-4k~5kg) 
+ k-ak-g(k-ik-2k6k7 + k-2k3k-4k7 

+ k-2k3k-5k6 + fc3A:-4A:-6fc7)[H2]}[H + ] 2 

+ k2k3k -4k -6k7k -a [H + ]3) /denominator. 
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x6 = (k-2k-5k-6(,k-ik-3k-g + k-ik-ik-T + k-ik-ikv 
+ ksk-Jc-s) + k-ik-sk-9(k-2k-3k-a 
+ k-ik-ik-s + k-2k-6k-g + k-4k-6k-1)\H2\ 
+ {k-ik-6(k2k-3k-5k-a + k2k-ikik9 

+ k2k-ik-ik-6 + k-2k-iknk-t) 
+ k-gk-9(k-ik-2k-Jci + k-1k-2k-ik6 

+ k-ik-JC-tk! + ̂ -2^-4^-5)[H2]}[H + ] 
+ k2k-ik-6k-a(k-ik1 + k3k-5) [H+^/denom­
inator. 
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3.1. SUMMARY 

The catalytic activities of Megasphaera elsdenii hydrogenase are stimulated 

by salts. The stimulation is due to the anion: the more chaotropic the anion, 

the greater the effect. 

Dithionite-reduced and dye-oxidized preparations of hydrogenase are inacti­

vated by reaction with oxygen. The inactivation of the reduced enzyme by excess 

oxygen follows pseudo-first-order kinetics; the reaction order for the oxidized 

enzyme has not been established. The rate of oxygen-inactivation is decreased 

by bovine serum albumin. 

The hydrogen production activity decreases in the presence of dimethyl-

sulphoxide and ethylene glycol. The hydrogen oxidation activity is stimulated by 

dimethylsulphoxide, and the activity remains linear with time at concentrations 

up to 50% (v/v). Above 701 dimethylsulphoxide the steady-state activity of hydro­

genase is abolished for both types of activity. 

The enzyme is more stable in a hydrogen atmosphere than in an argon atmos­

phere, and the oxidized enzyme is more stable than the reduced enzyme. 

The enzyme is isolated in the presence of dithionite and it is therefore 

reduced. When the enzyme is oxidized by treatment with 2,6-dichloroindophenol 

or with (bi)sulphite, its activity increases by up to 65%; this activation is 

not reversed when the enzyme is re-reduced. The increase in activity is asso­

ciated with a change of the redox potential of the incubation medium to a less 

negative value; half of the maximum activation occurs at -0.41 V. 
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The EPR spectrum of the dithionite-reduced hydrogenase resembles that of a 

reduced ferredoxin-type of spectrum with two 4Fe-4S clusters. The EPR spectrum 

of the oxidized enzyme is similar to that of Chromatium high-potential iron-

sulphur protein. No redox potentials can be ascribed to these spectra since the 

redox system changes upon freezing to liquid helium temperatures. 

3.2. INTRODUCTION 

In recent years highly purified preparations of hydrogenases have been re­

ported from a wide range of microorganisms including obligately anaerobic [1-7], 

anaerobic phototrophic [8-11], facultatively anaerobic [12,13], aerobic photo-

trophic [14] and obligately aerobic [15,16] bacteria. The hydrogenases of the 

obligately anaerobic bacteria are nearly all 12Fe-12S proteins [1,4-7] and in 

general they have much higher catalytic activities [1,4,6,7] than the enzymes 

isolated from the other microorganisms [8-16]. Hydrogenase from the rumen bac­

terium Megasphaera elsdenii is inactivated by oxygen and it is therefore purified 

under anaerobic conditions and in the presence of the strong reducing agent so­

dium dithionite [6,7]. As has been reported previously [6,7] the enzyme is great­

ly stimulated by certain salts. This paper describes a detailed examination of 

the oxygen-inactivation and of the salt effects it also describes the storage 

stability of the enzyme and the effect of oxidizing agents on the catalytic acti­

vity. The EPR spectra of the enzyme at several redox states are shown. 

3.3. MATERIALS AND METHODS 

5.5.1. Purification of hydrogenase 

Hydrogenase was purified from Megasphaera elsdenii as described previously 

[7]. 

3.3.2. Assays for hydrogenase 

Hydrogen oxidation was determined spectrophotometrically with 1 mM methyl 

or benzyl viologen as electron-acceptor and 2-mercaptoethanol and a vitamin B^? 

derivative as oxygen-scavenging system. Hydrogen production activity was routine­

ly determined manometrically with dithionite-reduced methyl viologen (final con­

centration 1 mM) as electron donor, as described before [7]. Where indicated hy-
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drogen production was determined gas chromatographically with a Pye Unicam GCD 

instrument fitted with a Molecular Sieve 5A column (150 x 0.4 cm) and a katharo-

meter thermal conductivity detection device; argon was used as carrier gas. 

Assays in which hydrogen production was followed by gas Chromatograph were car­

ried out in 20 ml glass bottles fitted with a rubber septum. The reaction mix­

ture was as used in the manometric measurements. The reaction mixture minus di-

thionite, methyl viologen and hydrogenase was added to the glass bottles and 

made anaerobic by five cycles of evacuation and filling with argon gas. After 

the final cycle, dithionite followed by hydrogenase was added by syringe, the 

bottles were equilibrated in a shaking water-bath (100-150 strokes.min ; 4 cm/ 

stroke) at 30 C. The reaction was initiated shortly afterwards by adding methyl 

viologen reduced with dithionite (0.5 mM) to give a final concentration of 1 mM 

of the dye. At known intervals (2-4 min) 10-100 ul gas samples were withdrawn 

with a syringe and injected into the gas Chromatograph. 

3.3.3. Stimulation of the hydrogen oxidation or hydrogen production by salts 

The effect of several salts on the hydrogen production and oxidation acti­

vity in the standard assays was determined. When hydrogen production or hydrogen 

consumption activity increases linearly with salt the change can be defined as 

the "molar salt stimulation coefficient", which is; "the increase in hydrogen 
_-| 

production or consumption activity, (molar concentration salt) .(mg hydroge-
,-1 nase) 

Previously [7] it was shown that the increase in hydrogen oxidation activity is 

linear with the increase in salt concentration up to about 0.5 M salt. Above 

this salt concentration the increase in activity is no longer linear, probably 

due to a decreased solubility of hydrogen gas [17]. The molar salt stimulation 

coefficient was calculated from the linear part of the salt concentration/acti­

vity curve. Where necessary the pH of the salts used were adjusted to pH 8. 

3.3.4. Inactivation of the hydrogenase by oxygen 

Inactivation of hydrogenase by oxygen was performed in a magnetically stir­

red vessel with an oxygen electrode (Rank Brothers, Bottisham, Cambridge) at the 

bottom as described by Laane et al. [18]. The system was made gas tight with a 

rubber stopper through which reactants could be added and through which at in­

tervals samples could be withdrawn by syringe. The standard incubation mixture 
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contained in a final volume of 6 ml at 30°C: 100 mM Tris-HCl pH 8, 0.05 mM methyl 

viologen (as redox indicator), 0.5 mM dithionite. The liquid phase was stirred 

continuously; the atmosphere was oxygen-free argon. After addition of the dithio-

nite-reduced hydrogenase (final concentration 0.2 yM), air was added to the gas 

phase, so that after oxidation of the dithionite the oxygen concentration was 

brought to 10 yM. 

When oxygen inactivation of the oxidized enzyme was determined, the dithio-

nite-reduced hydrogenase and the dithionite present in the vessel were oxidized 

by addition of about 0.7 ml of an anaerobic solution (5 mM) of 2,6-dichloroindo-

phenol (Cl~Ind) until the colour in the vessel became slightly blue due to unre­

duced Cl2Ind. After addition of Cl^Ind, oxygen was added until the 0 2 concentra­

tion in the solution reached 10 yM. Samples were withdrawn from the vessel at 

intervals and injected into 20 ml oxygen-free glass bottles which contained the 

mixture for the hydrogen production assay but without methyl viologen. The hydro­

gen production activity of each sample was determined gas chromatographically as 

described above. Control experiments showed that Cl^Ind did not affect the hydro­

gen production activity in the standard assay. The dithionite-reduced hydrogenase 

and the Q^Ind-oxidized hydrogenase will be called respectively reduced and 

oxidized (D) hydrogenase. 

3.3.5. Effects of dimethylsulphoxi.de and ethylene glycol on the hydrogenase acti­

vity 

The effects of dimethylsulphoxide (Me2SO) and ethylene glycol in the stan­

dard reaction mixtures on the hydrogen production and consumption activities were 

determined in 200 mM rather than in 75 mM Tris-HCl pH 8, in order to avoid pH 

changes during the reaction [7]. The effect of storing with Me^SO on the produc­

tion activity of the reduced and oxidized (D) enzyme was also determined. Storage 

of the reduced enzyme was performed in 100 mM Tris-HCl pH 8 and 1 mM dithionite 

under hydrogen; the oxidized (D) enzyme was stored in 100 mM Tris-HCl pH 8, while 

2-mercaptoethanol and vitamin B1? derivative were used as the oxygen scavenging 

system and in this case the gas phase was argon; the hydrogenase concentration 

was 0.3 yM, the temperature was 30 C. Since Me^SO inhibits the production acti­

vity (see Results) and Me?S0 was added together with the enzyme on storing the 

hydrogenase in Me^SO, the percentage Me^SO in each activity assay was brought 

to 15$ Me2S0 (v/v) to cancel the inhibitory effect. 
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3.3.6. Effect of storage conditions on the hydrogenase 

The enzyme (final concentration 0.3 uM) was stored anaerobically in 20 ml 

glass bottles fitted with a rubber septum at 4°C in 150 mM phosphate buffer pH 8 

and 2.5 mM dithionite, the gas phase was either hydrogen or argon. To ensure an-

aerobiosis the glass bottles were stored in anaerobic chambers filled with re­

spectively hydrogen or argon gas. The effects of albumin (1 mg/ml), sodium chlo­

ride (1 M) in the presence and absence of albumin and of oxidation of the enzyme 

with either ferricyanide or Cl?Ind on the stability were determined. 

Oxidation of the enzyme with either ferricyanide or Cl?Ind was performed by 

addition of stoicheiometric amounts of anaerobic solutions (respectively 20 and 

10 mM) towards the amount of dithionite. Oxidant was added directly after addi­

tion of hydrogenase so that the dithionite concentration could not be affected 

due to the hydrogen production activity of the enzyme with dithionite as sole 

electron-donor [7]. 

3.3.7. Effects of oxidants and the pH of preincubation on the hydrogenase acti­

vity 

The effects of the pH of the incubation buffer and the effects of oxidants 

on the reduced enzyme were studied in detail. The incubation buffers used were 

100 mM Tris-HCl buffer pH 9 and 150 mM phosphate buffer pH 5-8. The gas phase 

was in general argon, the effect of replacement of argon by hydrogen atmosphere 

was also determined at pH 8 and pH 6, the dithionite concentration was 2 mM, the 

enzyme concentration was 0.3 yM. Anaerobic solutions of Cl-Ind (10 mM), ferri­

cyanide (5 mM) and sulphite were used as oxidants. Within 15 min after addition 

of the enzyme, whether or not followed by oxidation, the production activity was 

determined. Spectrophotometrically it was observed that at pH 6 reduced hydroge­

nase is oxidized by addition of sulphite and reduced again by addition of dithio­

nite, indicating that the hydrogenase obeys the (bi)sulphite-dithionite redox 

couple. 

The effects of incubation and oxidation of the hydrogenase at several pH 

values were determined with the standard hydrogen production and hydrogen oxida­

tion assays. Both types of activity were determined in 250 mM Tris-HCl buffer to 

ensure that the pH of the reaction mixtures did not change on addition of hydro­

genase samples incubated at pH values other than 8. 
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Figure 1. Effects of oxygen on the activity of the dithiontie reduced and Cl^Ind-
oxidized enzyme. 
(o-o) inactivation of dihtionite-reduced hydrogenase by oxygen; (•-•) inactiva-
tion of dithionite-reduced hydrogenase by oxygen in the presence of albumin (1 mg/ 
ml); (A-A) inactivation of the Cl.Ind-oxidized hydrogenase by oxygen, (A-A) in­
activation of the CI Ind-oxidized hydrogenase by oxygen in the presence of albu­
min (1 mg/ml). The arrows indicate the time at which the 0. concentration reached 
10 uM, this oxygen concentration was maintained in time; the preceeding experi­
mental point was the time at which 0. was detected by the electrode. Activities 
are expressed as percentage of the activity before addition of oxygen and after 
addition of Cl„Ind. 

When Cl^Ind is used to oxidize the dithionite and hydrogenase anaerobically, 

the activity in both the hydrogen production and hydrogen consumption assays in­

creases by a factor of 1.55-1.65. When this oxidized (D) enzyme is subsequently 

treated with air it is inactivated (Fig. 1). The inactivation from the point at 

which the 0 ? concentration reaches 10 uM (t, = 14 min) does not follow pseudo-

first-order kinetics; the rate of inactivation also decreases in the presence of 

albumin (t, = 29 min). The changes caused by Cl-Ind appear to be irreversible 
2 i 

because neither the activity of the enzyme nor its rate of inactivation by 0 2 

are affected when the oxidized (D) enzyme is treated subsequently with dithio­

nite. Control experiments show that addition of Cl2Ind (final concentration 2 mM) 

to the reduced or oxidized (D) enzyme, after the oxygen concentration in the 

electrode vessel reaches 10 uM, does not affect the patterns of inactivation of 

the reduced and oxidized (D) enzyme, indicating that Cl-Ind itself does not in­

fluence the inactivation. 
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3.4.3. Effects of Me9S0 and ethylene glycol on the hydrogenase activity 

Since nearly all salts tested stimulate the catalytic activity of M.elsdenii 

hydrogenase (Table 1) the effect of decreasing the polarity in the assay mixture 

on the catalytic activity was studied. The effects of Me2SO (v/v) and ethylene 

glycol (v/v) on the activities of the reduced and oxidized (D) enzyme in the 

standard hydrogen production assay are shown in Fig. 2A. At increasing percen-

20 40 
% l v / v ) Oimethyteulphoxid« or 

Elhyter* glycol 

Figure 2. Effects of Me^SO, ethylene glycol and pH on hydrogenase activity. 
(A) Effect of Me.SO and ethylene glycol in the hydrogen production assay, (o-o) 
Effect of Me.SO on the dithionite-reduced enzyme; (A-A) effect of Me.SO on the 
Cl.Ind-oxidized enzyme; (•-•) effect of Me.SO on the dithionite-reduced and 
Cl.Ind-oxidized enzyme in the presence of T M NaCl; (x-x) effect of ethylene 
glycol on the production activity of the dithionite-reduced and Cl.Ind-oxidized 
enzyme in the absence or presence of 1 M NaCl; ( ) effect of increasing per­
centages of Me SO on the pH of a 75 and 200 mM Tris-HCl buffer solution pH 8 
(at 30°C) as measured by a glass-electrode. Activities are expressed as a per­
centage of the initial activity, without Me.SO or ethylene glycol, in the ab­
sence or presence of NaCl. (B) Effect of pH on the (•-•) hydrogen production 
activity and (o-o) hydrogen oxidation activity with methyl viologen as electron 
acceptor. The Tris-HCl concentration was 200 mM. Activities are expressed as per­
centage of the activity at pH 8. (C) Effect of (o-o) Me2S0 and (•-•) ethylene 
glycol on the hydrogen oxidation activity. Activities are expressed as percen­
tage of the activity without Me.SO and ethylene glycol. 

tages of Me?S0 the hydrogen production decreases. From 0-40% Me2S0 the activity 

is linear with time; at 47.5-55°« Me2S0 a rapid decline in initial activity is 

followed by a constant activity, with both the reduced and oxidized (D) enzyme. 

At concentrations of Me?S0 higher than 60°«, after a small initial activity, no 

hydrogen is produced by the reduced enzyme. The oxidized (D) enzyme is still 

able to produce hydrogen in 601 Me~S0, at a constant rate. At concentrations of 
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Me2SO higher than 654, after a small initial activity, no hydrogen is produced 

by the oxidized (D) enzyme. The presence of NaCl (1 M) in the reaction mixtures 

enhances the effect of Me^SO; the reduced and oxidized (D) enzyme show the same 

response to increasing Me-SO in the presence of NaCl (Fig. 2A). The production 

activity is also decreased by ethylene glycol, the residual activity is still 

linear with time at 604 ethylene glycol; at 65-704 ethylene glycol a rapid de­

cline in initial activity is followed by a constant activity. Sodium chloride 

(1 M) does not change the effect of ethylene glycol. The oxidized (D) and re­

duced enzyme show the same response to ethylene glycol in the absence and pre­

sence of NaCl (Fig. 2A). In contrast to the observation of Maurel et al. [19], 

who reported that 504 Me2SO decreases the pH of a 10 mM Tris-HCl buffer pH 8.0 

by 0.8, we observed that the pH, as measured by glass-electrode, of a 200 mM 

Tris-HCl buffer solution pH 8 becomes more alkaline upon the addition of Me-SO 

(Fig. 2A) (cf. [20]). However, ethylene glycol has no pronounced effect on the 

pH. Since Me2SO changes the pH (Fig. 2A), the effects of only the pH on the hy­

drogen production and consumption activities, in the absence of Me2SO, was de­

termined (Fig. 2B). The pH range tested was the same as that observed by addition 

of Me-SO. The hydrogen oxidation activity with methyl viologen as electron accep­

tor is not affected by ethylene glycol up to 704. Concentrations of Me-SO up to 

554, however, increase the hydrogen oxidation activity; above 554 a very rapid 

decline in activity is observed (Fig. 2C). Above 504 Me^SO the hydrogen oxidation 

activity is no longer linear in time; for example at 554, 584, 624 and 654 Me2S0, 

after one minute the oxidation activity was respectively 364, 254, 104 and 0.44 

of the initial activity. The reduced and oxidized (D) enzyme show similar re­

sponses to Me2SO, but the specific activity of the oxidized (D) enzyme is about 

a factor 1.6-fold at each concentration of Me2S0. The dependence of the hydrogen 

production and the hydrogen oxidation activities on the pH (Fig. 2B) in the ab­

sence of Me2SO in the pH range induced by addition of Me2S0 differs from the 

effects caused by the pH changes induced by addition of Me2SO (Fig. 2A,C). 

The solubility of hydrogen increases with increasing concentrations of orga­

nic solvents [17]. This results in a higher substrate concentration and might 

explain the increase in hydrogen oxidation activity with increasing Me2S0. How­

ever, if this were the explanation a similar increase might then have been ex­

pected for ethylene glycol. The absence of an increase in activity in ethylene 

glycol indicates that the stimulation in Me?So is due to effect(s) on the enzyme 

and is not simply the result of an enhanced substrate concentration. 

The hydrogen oxidation activity with benzyl viologen as electron acceptor 
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could not be determined because at high concentrations of Me^SO or ethylene 

glycol the colour of the semiquinone form changes from purple to blue, probably 

due to dissociation of a polymer of the reduced viologen (S.G. Mayhew, unpublish­

ed results). 

The effect of storing the reduced and oxidized (D) enzyme anaerobically 

with Me2SO is given in Table 2. Except for a small initial loss in activity the 

reduced enzyme is not affected by storing in Me-SO up to 401; above 45% Me-SO 

Table 2. Effect of storing hydrogenase with Me^SO. 
Hydrogen production activities were determined in 200 mM Tris-HCl buffer pH 8 
with 1 mM methyl viologen semiquinone as electron donor and 50 mM dithionite as 
reductant. Activities are expressed as percentage of the activities on storing 
the dithionite-reduced and Cl.Ind-oxidized enzyme in the absence of Me„S0, after 
0.25 h of incubation. The temperature during storage was 30 C. 

Me SO Activity of 

dithionite-reduced 

stored for 

CI Ind-oxidized 

stored for 

0.25 h 6 h 24 h 0.25 h 6 h 24 h 

% (v/v) 

0 

15 

20 

30 

40 

45 

47.5 

50 

55 

60 

65 

70 

100 

103 

96 

93 

90 

75 

17 

0 

100 

100 

94 

91 

87 

72 

14 

0 

100 

100 

94 

91 

80 

62 

6 

0 

100 

100 

100 

98 

100 

104 

98 

98 

100 

102 

99 

97 

48 45 46 

11 8 3 

2 0.1 0 

0 0 0 

the stability decreases. The oxidized (D) enzyme is almost unaffected by storing 

up to 47.51 Me^SO; above 601 Me^SO the enzyme inactivates rapidly. The stability 

of the enzyme under storage conditions (long-term effects; Table 2) differs sig-
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nificantly from that of the enzyme under turn-over conditions (short-term effects; 

Fig. 2A,C). 

3.4.4. Storage stability of the hydrogenase 

As is shown in Table 3 the enzyme lost about 501 of its activity during 2 

weeks of storage at 4 C under argon. The stability under argon is not improved 

by addition of albumin, NaCl, or NaCl plus albumin. Oxidation of the dithionite 

and reduced hydrogenase with either ferricyanide or C^Ind in the presence of 

albumin tends to enhance the stability of the enzyme. Storage under hydrogen 

greatly increases the stability of the hydrogenase compared to storage under 

argon as gas phase. Addition of albumin increases the stability of the enzyme 

as was previously observed for D.vulgaris hydrogenase [4]. The most stable pre­

parations are obtained by first treating the enzyme with just sufficient ferri­

cyanide to oxidize excess dithionite, and then storing the enzyme under hydro­

gen. Further addition of ferricyanide (a 10 molar excess of un-reduced ferricy­

anide over hydrogenase) gave an immediate loss of 651 of the activity; the sta­

bility of this preparation is less than that of enzyme which has been treated 

with a stoicheiometric amount of ferricyanide towards dithionite. Oxidation with 

Cl2Ind decreases the stability of the enzyme compared to oxidation with ferricy­

anide, with either argon or hydrogen as gas phase. The inactivation during stor­

age under any condition cannot be described by a first-order process. 

3.4.5. Effects of oxidants and the pH of preincubation on the hydrogenase acti­

vity 

The enzyme is isolated at pH 8 in the presence of sodium dithionite. When 

the enzyme is pre-treated at a more acid pH value before assay, its activity 

increases (Table 4). The extent of the increase becomes greater with decreasing 

pH, and reaches 361 at pH 5. A change from pH 8 to pH 9 has little or no effect. 

The redox potential of the dithionite/(bi)sulphite system is known to become less 

negative with decreasing pH [22] and it was reasoned that the effect on the acti­

vity might be due to an associated change in the redox state of the enzyme. In 

support of this, an even greater activation is observed when the enzyme solution 

is pre-treated with (bi)sulphite to adjust the redox potential of the solution 

to less negative values. A similarly large activation can be achieved, even at 

pH 8, by treating the solution with sufficient Cl^Ind to oxidize all of the di-
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Table 3. Effect of storage conditions on the stability of M.elsdenii hydrogenase. 
Storage conditions were as described in Materials and Methods. Hydrogen produc­
tion activities were performed in 75 mM Tris-HCl pH 8 and 1 M methyl viologen 
semiquinone as electron donor, as described previously [7]. Activities are express­
ed as percentage of the activity at zero time, a, 101* molar excess of ferricyanide 
over hydrogenase; the activity of this preparation was 35% of the activity of a 
preparation that had been treated with just sufficient ferricyanide to oxidize the 
dithionite. The hydrogenase concentration was 0.3 uM, the temperature during stor­
age was 4 C. 

Addition Residual activity in gas phase 

argon 

stored 

2 

for (weeks) 

4 9 

hydrogen 

stored 

2 

for (weeks) 

9 20 

% initial 

46 

55 

49 

47 

74 

39 

2 

14 

12 

18 

20 

50 

31 

1 

0 

0 

0 

0 

25 

14 

0 

97 

98 

100 

8ia 

65 

66 

83 

91 

95 

103 
a 

70 

35 

37 

57 

77 

87 

97 
a 

15 

13 

4 

12 

3-

None 

albumin 

NaCl 

albumin, NaCl 

albumin, [Fe(CN),] 

albumin, Cl„Ind 

NaCl, Cl.Ind 

albumin, NaCl, Cl9Ind 
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Table 4. Effects of oxidants and pH of preincubation buffer on the hydrogenase 
activity. 
Hydrogen production activities are expressed as a percentage of the activity of 
the enzyme incubated at pH 8 with argon as gas phase and were performed as des­
cribed in Material and Methods. In expt 2, the Na.SO- concentration was 150 mM; 
the pH of the stock solution of sodium sulphite used was adjusted to the pH of 
the incubation buffer with citric acid, the redox potentials of the (bi)sulphite/ 
dithionite redox couple in the presence of 150 mM sulphite at pH 9, 8, 7, 6 and 
5 are respectively -0.59, -0.48, -0.37, -0.30 and -0.23 V; the redox potentials 
in the absence of added sulphite are respectively -0.73, -0.62, -0.52, -0.44 
and -0.37 V, the amount of sulphite in a 2 mM dithionite solution was determined 
to be 0.43 mM (values were calculated according to Mayhew [22]). In expts 3 and 
4 [Fe(CN),] and C^Ind were added in stoichiometric amounts to oxidize the 
dithionite. n.d. = not determined. Preincubation temperature 30 C, the gas phase 
during preincubation was either argon or hydrogen (as indicated). 

Expt Addition Hydrogen production activity 

argon at pH 

9 8 7 6 5 

hydrogen at pH 

8 6 

1. 

2. 

3. 

4. 

-

N a2S°3 
[Fe(CN)6]3" 

Cl.Ind 

96 

97 

n.d. 

n.d. 

100 

107 

98 

154 

109 

132 

n.d. 

n.d. 

124 

156 

113 

147 

136 

165 

n.d. 

n.d. 

97 

112 

109 

165 

126 

162 

132 

158 

thionite. Very little further increase occurs when the pH of C^Ind-oxidized 

enzyme at pH 8 is changed to pH 6. The effects of pH, (bi)sulphite and Cl?Ind 

are independent of the gas phase (H_ or Ar) and are observed not only in the 

hydrogen production assay (Table 4) but also in hydrogen oxidation assays with 

methyl or benzyl viologen as electron acceptors (data not shown). 

The activation cannot be reversed. When the pH of activated enzyme at pH 

5 in the presence or absence of excess bisulphite is changed to pH 8 or 9, only 

a very small decrease in activity is observed (approx. 5%). Similarly, when fresh 

dithionite is added to Cl^Ind-oxidized enzyme, the high activity remains. 

A similar but smaller activation seems to occur when Cl~Ind is replaced by 

[Fe(CN)6] . However, taking into account the effect of preincubation at diffe­

rent pH values (Table 4) addition of ferricyanide does not result in an enhanced 

activity. 
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3.4.6. EPR spectroscopy 

Comparison of the EPR spectra of M.elsdenii hydrogenase at different redox 

states (Fig. 3) with EPR spectra of other non-heam iron proteins suggests that 

the spectrum of the reduced enzyme resembles that of an 8Fe-8S, "g = 1.94", 

ferredoxin-type of spectrum. The rhombic type of spectrum with the average g 

value above 2 {g = 2.101, g = 2.052 and g = 2.005) of the oxidized enzyme 

resembles the oxidized state of the Hipip (high-potential iron-sulphur protein) 

though the line shape is not typical of the Hipip-type. The spectra of the re­

duced and oxidized hydrogenase are very similar to the ones published for the 

hydrogenase of C.pasteurianum [2,21]. 

As has been shown by Mayhew [22], the concentrations of dithionite and (bi­

sulphite as well as the pH determine the redox potential of the dithionite/(bi)-

sulphite redox couple and increasing dithionite concentrations cause the midpoint 

redox potential to become less negative. Williams-Smit et al. [23] have shown 

that, depending on the nature of the buffer, pH shifts of about 0-3 can be ob­

served at sub-zero temperatures upon lowering the temperature. The occurrence of 

such a pH shift as well as oxidation due to an increased dithionite concentra­

tion are illustrated in Fig. 3. The reduced hydrogenase (Fig. 3A) was obtained 

in Tris-HCl buffer (pH 8.2 at 20°C). Tris-HCl buffer shifts to alkaline pH values 

upon freezing [23] and therefore the redox potential of the dithionite/(bi)sul­

phite redox couple becomes more negative, favouring the reduced state of the hy­

drogenase . In contrast it was observed that in phosphate buffer (pH 7.6), which 

becomes more acidic upon freezing, the enzyme is not completely reduced at li­

quid helium temperatures (Fig. 3B). On the other hand the visible absorption 

spectrum of this enzyme preparation showed that it was reduced at room tempera­

ture. The estimated pH shift upon freezing is about 1.8 and is clearly sufficient 

to change the redox potential in favour of the oxidized state. Further addition 

of dithionite results in an even more oxidized enzyme (Fig. 3C), in accordance 

with Mayhew [22]. EPR spectra of hydrogenase samples under identical circum­

stances to those described in Fig. 3B and 3C, but in the presence of albumin 

(15 mg.ml" ) were the same; this observation does not agree with the proposal of 

William-Smith et al. [23]: they suggest that albumin tempers the pH shift due to 

freezing. Therefore we conclude that the pH values in the presence and absence 

of albumin are the same; however, the albumin concentration might not have been 

sufficient to prevent such a pH shift. In all cases shown here the enzyme prepa­

rations are kept under argon; replacement of argon by hydrogen in the case of 
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TW 
Figure 3. EPR spectra of M.elsdenii 
hydrogenase at different redox states. 
Spectrum A was obtained with hydroge­
nase (52 uM) in 100 mM Tris-HCl buffer 
pH 8 with 2 mM Na S„0 . EPR settings: 
microwave frequency, 9.098 GHz; micro­
wave power, 125 uW; modulation ampli­
tude, 0.8 mT; magnetic field sweep 
rate, 25 mT.min ; time constant, 0.3 
sec; gain, 101*; temperature 8.7 K. 
spectrum B was obtained with 52 yM hy­
drogenase in 100 mM phosphate buffer 
pH 7.6 with 2 mM Na^S-O,. EPR settings: 
microwave frequency, 9.100 GHz; micro­
wave power, 50 uW; modulation ampli­
tude, 1 mT; magnetic field sweep, 12.5 
mT.min-1; time constant, 1 sec; gain, 
2 x lO4; temperature, 10 K. Spectrum C 
was obtained with the hydrogenase sam­
ple as described under spectrum B, the 
dithionite concentration was raised to 
45 mM. EPR conditions are as for spec­
trum B. Spectrum D was obtained with 
hydrogenase (40 uM) in 100 mM phos­
phate buffer pH 6 with 1 mM Na.S-O, 
and 150 mM Na SO . EPR settings: micro­
wave frequency, 9.084 GHz; microwave 
power 50 yW; modulation amplitude, 
0.2_mT; magnetic field sweep, 2 mT. 
min !; time constant, 0.1 sec; gain, 
104; temperature, 9.7 K. The modula­
tion frequency was in all cases 100 
kHz; all samples were under argon at­
mosphere. 
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the reduced enzyme does not change the features of the spectrum. An approximate 

integration of the signals (without field correction [24] and g-anisotropy) 

yielded values of about 0.6 and 1.2 electron respectively for the oxidized and 

reduced enzyme if compared with a copper standard solution (1 mM CuSO,, 1 M 

KC10.). Addition of 1 M KI had no marked effect on the features of the EPR spec­

tra of either oxidized or reduced hydrogenase. 

In Fig. 3A the peak indicated with an arrow shows a temperature and satu­

ration behaviour that is different from the rest of the spectrum. This peak 

can be observed at temperatures up to 70 K, while the other absorptions have 

completely disappeared. A careful comparison shows that the peak is always pre­

sent but that its intensity differs from preparation to preparation and can also 

be enhanced in several ways. For example, the addition of unbuffered anaerobic 

Tris solution (final concentration 130 mM) to enzyme in 100 mM phosphate pH 7.6 

plus 45 mM dithionite (Fig. 3C) changes this EPR spectrum and gives the spectrum 

of the reduced enzyme (the pH became alkaline and causes the midpoint redox po­

tential of the dithionite to become more negative); the intensity of the peak 

indicated increases. Control experiments show that the activity drops on addition 

of unbuffered Tris solution. The peak cannot be seen in the spectrum of the oxi­

dized enzyme (Fig. 3D). Further oxidation of the oxidized enzyme with excess 

ferricyanide (final concentration about 0.5 mM) leads to a 501 increase in sig­

nal (about 1 electron equivalent) without a change in the features of the spec­

trum. However, the hydrogenase activity drops considerably to about 501 of the 

original activity. Further addition of ferricyanide (14 mM) shows the appearance 

of the peak described above. We conclude therefore that this peak has to be as­

signed to irreversibly inactivated enzyme. A similar peak has been observed for 

the hydrogenase in its reduced state as isolated from D.vulgaris [4] (H.J. Grande, 

unpublished results). 

3.5. DISCUSSION 

As is shown in Table 1 nearly all salts tested stimulate the catalytic acti­

vity of hydrogenase of M.elsdenii, in contrast to the hydrogenases of D.vulgaris 

[6] and A.eutrophus [15] which are inhibited by a high ionic strength. It is 

shown clearly that the main effect of stimulation is due to the anion. Similar 

effects have been observed with fumarase [25], D-glycerate dehydrogenase [26] 

and malate dehydrogenase [27] which are also stimulated by anions, though the 

activation might depend on the valency of the anion [25] and in these cases, in-
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hibition is observed when the salt concentration exceeds 0.2 M. 

With respect to the salt stimulation, the hydrogenase somewhat resembles 

proteins from halophilic bacteria, which are more or less dependent for their 

stability and activity on a salt concentration greater than 0.5 M NaCl [28]. In 

contrast to proteins from Halobaateriaaaea, which are dependent on high ionic 

strength for their stability, M.elsdenii hydrogenase is stable at a relatively 

low ionic strength. As has been pointed out by Lanyi [28], an increase in en-

zymic activity that accompanies an increase in salt concentrations above 0.5 M, 

cannot be explained by electrostatic shielding. Above 0.5 M salt new hydrophobic 

interactions will appear, which are not stabilized in the absence of salt; these 

newly formed interactions might affect the activity. 

It is noticeable, that for the hydrogenase activity the molar salt stimula­

tion coefficient increases with increasing chaotropicity of the anion [28]. This 

indicates that the efficiency to disrupt the structure of water also contribu­

tes to the stimulation coefficient. 

There are no pronounced changes in the features of the EPR spectra of the 

oxidized and reduced enzyme if salts are present which suggests that the stimu­

lation by salts could be due to effect(s) on the protein structure and/or pro-

tein-Fe-S cluster(s) interaction(s) rather than on the Fe-S cluster(s) itself 

(themselves). Furthermore it is noteworthy that guanidine-HCl and Me?SO inhibit 

the hydrogen production activity and stimulate the oxidation activity; these 

effects might indicate that the pathway(s) followed in hydrogen production dif-

fer(s) from that followed for hydrogen oxidation, as was suggested in kinetic 

models proposed earlier for the enzyme [7]. 

Recently it was reported by Klibanov et dl. [30] that the partially puri­

fied hydrogenase of C.-pasteurianum can also be protected against oxygen-inacti-

vation by addition of albumin, as is the case for the M.elsdenii enzyme. 

The difference in response to oxygen of the reduced and Cl^Ind-oxidized enzyme, 

together with the increase in activity on oxidation indicates an irreversible 

change within the enzyme upon oxidation, which also leads to an enhanced sta­

bility against oxygen. It is somewhat surprising that in contrast to oxidation 

with Cl^Ind and sulphite, neither oxidation with oxygen (Fig. 1) nor oxidation 

with ferricyanide (Table 4) increases the activity. A possible explanation for 

this difference could be the very positive midpoint potentials of these oxidants 

compared to those of Cl2Ind and the (bi)sulphite/dithionite couple, leading to 

activation of part of the enzyme and inactivation of the rest by "over-oxida­

tion". Control experiments with enzyme oxidized by either Cl-Ind or sulphite 
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show no change in kinetic behaviour in the hydrogen production/substrate satu­

ration curve with methyl viologen semiquinone as electron donor; the molar salt 

stimulation coefficients for NaCl and KI for the hydrogen production increase in 

proportion with the increase in activity due to oxidation. 

The oxidized (D) enzyme is also more resistant against Me2SO than the re­

duced hydrogenase (Fig. 2A, Table 2). Part of the decrease in production and 

increase in consumption activity at increasing percentages of Me^SO can be ex­

plained by the alkaline pH shift of the Tris-HCl buffer by Me2SO. As noted be­

fore, the increased hydrogen oxidation activity in Me~SO cannot be explained 

by a higher substrate (hydrogen) concentration. Possible explanations for the 

effects of Me-SO might be: (a) a change in protein structure; (b) a cathodic 

shift of the iron-sulphur clusters due to Me?SO [31], although this shift is 

not very pronounced in up to 401 Me?SO [31]; (c) changes in the values of the 

kinetic constants for the models, as described perviously [7]. Sodium chloride 

may intensify the effect(s) of Me2SO on the hydrogenase. Ethylene glycol only 

affects the production activity; this might indicate that there is only a change 

in the values of the kinetic constants. Chen and Mortenson [32] have shown that 

hydrogenase of C.pasteurianum in 80°s Me?SO under hydrogen is able to reduce me­

thyl viologen, but cannot reduce ferredoxin; in contrast, it cannot oxidize me­

thyl viologen semiquinone, but can oxidize reduced ferredoxin. However, Chen and 

Mortenson did not state whether the observed catalytic activity in 801 Me^SO was 

the initial, or the steady-state activity. In the case of M.elsdenii hydrogenase, 

after a small initial activity, no further activity is observed in 701 Me^SO; 

all catalytic activity is also lost during 15 min preincubation in 701 Me2SO. In 

this respect M.elsdenii hydrogenase more closely resembles D.vulgaris hydroge­

nase as isolated by van der Westen et al. [4] and Chromatium vinosum hydrogenase 

as isolated by van Heerikhuizen et al. [33]. The D.vulgaris enzyme does not show 

catalytic activity in 701 Me?SO and loses all activity during preincubation in 

70% Me?SO (H.J. Grande, unpublished results). Chromatium hydrogenase does not 

lose activity when preincubated in 60% Me^SO, but no activity was observed after 

preincubation in 801 Me?SO; the hydrogen oxidation activity is also stimulated 

by Me„SO, with a maximum stimulation at 201 Me2SO, while no activity is observed 

at 601 Me2S0 (H. van Heerikhuizen, personal communication). 

Storage under hydrogen is far more favourable than storage under argon 

(Table 3); the oxidized enzyme is more stable than the reduced enzyme. The ob­

served difference in storage stability of the enzyme under argon and hydrogen 

might be explained by the fact that dithionite decomposes spontaneously and 
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autocatalytically, especially at acidic pH values [34]. The anaerobic decompo­

sition products of dithionite may inactivate the U.elsâenii hydrogenase. Under 

a hydrogen atmosphere the decomposition products could be recycled by hydrogenase 

to form dithionite, a reaction that is not possible when the gas phase is argon. 

The addition of excess ferricyanide (see legend of Table 3) causes an imme­

diate decrease of 651 in activity. The yellow colour due to the excess ferricya­

nide disappeared, indicating that hydrogenase is able to reduce ferricyanide. 

However, the stability of this preparation is lower than a preparation which has 

been treated with a stoicheiometric amount of ferricyanide. The use of pyruvate 

together with ferricyanide (fivefold molar excess of pyruvate over ferricyanide) 

to neutralize the possible hazardous effect on hydrogenase of a loosely bound CN 

in the hexacyanide complex [35], does not affect the results of experiments in 

which ferricyanide is used as oxidant. 

As is shown in Table 4, preincubation of hydrogenase at acidic pH values 

increases the activity irreversibly; the increase in activity is proportional to 

the decrease in pH and independent of the gas phase. Oxidation of the hydrogenase 

with Cl_Ind also increases the activity, independent of the pH of the preincuba­

tion buffer and gas phase. Sodium sulphite enhances the irreversible activation 

at decreasing pH values. Fig. 4 gives the relation between the redox potential 

of the (bi)sulphite/dithionite redox couple, calculated for each pH value of 

the incubation buffer, in the absence and presence of excess sodium sulphite 

and the irreversible activation at the corresponding potentials. It is clear 

that the irreversible activation depends on the redox potential of the incuba­

tion buffer and not on the pH. The potential at which half of the maximal acti­

vation is obtained is -0.41 V (+ 0.02 V). Apparently on changing the redox po­

tential of the system to less negative values, the enzyme becomes irreversibly 

activated without appreciable changes in its kinetic properties. In our opinion 

the most probable explanation is that on oxidizing the hydrogenase the interac­

tions between the protein part of the hydrogenase and the iron-sulphur clusters 

change, resulting in a higher rate of intermolecular electron and/or proton 

transport from the primary electron acceptors in the enzyme (Fe-S clusters) to 

the catalytic centre. This oxidized form of the enzyme is more stable to oxygen 

and Me^SO and also has a higher storage stability. Further, the activation phe­

nomenon follows the redox potential of the (bi)sulphite/dithionite couple rather 

than the hydrogen/proton couple, as is shown in Table 4. The question of whether 

the potentials of the iron-sulphur clusters are changed during this careful oxi­

dation is being studied. 
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Figure 4. Relationship between the (bi)sulphite/dithionite redox potentials of 
the hydrogenase incubation buffers and the irreversible increase in activity. 
Redox potentials of the buffers were calculated according to Mayhew [21] (see 
legends of Table 4). (•) activities observed after preincubation at different pH 
values without added sulphite (gas phase, argon); (o) activities observed after 
preincubation at different pH values in the presence of 150 mM Na„S0, (gas phase, 
argon); (A) activities observed after preincubation at several pH values without 
added sulphite (gas phase, hydrogen). (A) activities observed after preincubation 
at several pH values in the presence of 150 mM Na SO (gas phase, hydrogen); (x) 
maximal activity after oxidation with CI Ind (£", = +0,15 mV). Activities were 
measured in the hydrogen production assay and are expressed as percentage of the 
activity of hydrogenase preincubated at pH 8 without sulphite, with argon as gas 
phase. 

The EPR spectra of the oxidized, reduced and intermediate redox states of 

the enzyme closely resemble the published EPR spectra of C.pasteurianum hydro­

genase [2,21]. The spectrum of the reduced hydrogenase does not show proton 

splitting, favouring the kinetic model I (cf. [6]). For several reasons we are 

not able to ascribe redox potentials to the observed EPR spectra; firstly dithio­

nite is contaminated by sulphite [22]; secondly, hydrogenase catalyses the oxi­

dation of dithionite [7] thereby changing the (bi)sulphite/dithionite redox 

couple (the extent of the change before freezing is difficult to evaluate); 

thirdly, the pH of the buffer can shift drastically when samples are cooled to 

liquid nitrogen temperatures [23] leading to changes in the value of E' (the 

midpoint potential for the oxidation of S 0 ~ [22]); and fourthly, it is not 

clear which value for temperature should be used in the Nernst equation. The 
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redox potential of the system evidently changes when the temperature is lowered 

and the change is presumably the result of an effect on the potential of the 

SGL /HSO, couple, which is known to become less negative with decreasing tem­

perature [22,36], and partly the result of a pH change which also causes the 

SO2 /HSO3 Potential to change, depending on the nature of the buffer used. It 

was recently reported that the midpoint potential of the SCU'/HSO," couple 

changes by -1.6 mV.K [22]; recalculation of the experimental data in Fig. 9 

of that paper shows that this value is too low and that the correct value is 

-2.2 mV.K , a value in closer agreement with Jellinek's earlier value of 

-2.26 mV.K-1 [36]. 

Computer simulation of the spectrum of the oxidized hydrogenase shows 

that this spectrum can nicely be simulated (results not shown) with line widths 

of respectively 0.65, 0.55 and 0.65 mT according to a programme written by 

Scheppler [37]. Preliminary frequency-dependent EPR studies on the reduced hy­

drogenase show changes in the spectrum on changing the field, proving that there 

is some interaction between the clusters which give rise to the reduced ferredox-

in-type signal. 

ACKNOWLEDGEMENTS 

We wish to thank Mrs. Jenny Toppenberg-Fang for typing the manuscript and 

Mr. Bery J. Sachteleben for drawing the figures. The present investigation was 

supported by the Netherlands Foundation for Chemical Research (S.O.N.) and with 

the financial aid from the Netherlands Organization for the Advancement of Pure 

Research (Z.W.O.). 

REFERENCES 

1. Chen, J.S. & Mortenson, L.E. (1974) Biochim.Biophys.Acta, 271, 283-298. 

2. Erbes, D.L., Burns, R.H. & Orme-Johnson, W.H. (1975) Proc.Natl.Acad.Sei. 

U.S.A. 72, 4795-4799. 

3. Yagi, T., Kimura, K., Daidoji, H., Sakai, F., Tamura, S. & Inokochi, H. 

(1976) J.Biochem. (Tokyo) 79, 661-671. 

4. Van der Westen, H.M., Mayhew, S.G. & Veeger, C. (1978) FEBS Lett. 86, 122-126. 

5. Hatchikian, E.C., Bruschi, M. & Le Gall, J. (1978) Biochem.Biophys.Res.Commun. 

82, 451-461. 

60 



6. Mayhew, S.G., van Dijk, C. & van der Westen, H.M. (1978) in: Hydrogenases: 

Their Catalytic Activity, Structure and Function (Schlegel, H.G. & Schneider, 

K., eds) pp. 125-141, Erich Goltze, Göttingen. 

7. Van Dijk, C., Mayhew, S.G., Grande, H.J. & Veeger, C., (1979) Eur.J.Biochem. 

102, 317-330. 

8. Gitlitz, P.H. & Krasna, A.J. (1975) Biochemistry, 14, 2561-2568. 

9. Kakuno, T., Kaplan, N.O. & Kamen, M.D. (1977) Proc.Natl.Acad.Sei. U.S.A. 74, 

861-863. 

10. Adams, M.W.W. & Hall, D.O. (1977) Biochem.Biophys.Res.Commun. 77, 730-737. 

11. Gogotov, J.N. Zorin, N.A., Serebriakova, L.T. & Konderatieva, E.N. (1978) 

Biochim.Biophys.Acta, 523, 335-343. 

12. Shoenmaker, G.S., Oltmann, L.F. & Stouthamer, A.H. (1979) Biochim.Biophys. 

Acta, 567, 511-521. 

13. Adams, M.W.W. & Hall, D.O. (1979) Biochem.J. 183, 11-22. 

14. Llama, M.J., Serra, J.L., Rao, K.K. & Hall, D.O. (1979) FEBS Lett. 98, 

342-346. 

15. Schneider, K. & Schlegel, H.G. (1976) Biochim.Biophys.Acta, 452, 66-80. 

16. Schink, B. & Schlegel, H.G. (1979) Biochim.Biophys.Acta, 567, 315-324. 

17. Linke, W.F. & Seidell, A. (1958) in: Solubilities of Inorganic and Metal-

Organic Compounds, 4th edn, Vol. 1, pp. 1075-1096, De van Nostrand Company, 

Princeton, New Jersey. 

18. Laane, C., Haaker, H. & Veeger, C. (1978) Eur.J.Biochem. 87, 147-153. 

19. Maurel, P. Hui Bon Hoa, G. & Douzou, P. (1975) J.Biol.Chem. 250, 1376-1382. 

20. Reeves, S.G. & Hall, D.O. (1977) Cell Biol.Int. Reports 1, 353-361. 

21. Chen, J.S., Mortenson, L.E. & Palmer, G. (1976) in: Iron and Copper Proteins 

(Yasunobo, K.T., Mower, H.F. & Hayaishi, 0., eds) pp. 68-82, Plenum Press, 

New York. 

22. Mayhew, S.G. (1978) Eur.J.Biochem. 85, 535-547. 

23. Williams-Smith, D.L., Bray, R.C., Barber, M.J., Tsopanakis, A.D. & Vincent, 

S.P. (1977) Biochem.J. 167, 593-600. 

24. Aasa, R. & Vanngârd, T. (1975) J.Magn. Resonance, 19, 308-315. 

25. Massey, V. (1953) Biochem.J. 53, 63-72. 

26. Willis, J.E. & Sallach, H.J. (1962) Biochim.Biophys.Acta, 62, 443-444. 

27. Karnieli, Y. & Bensiman, M. (1966) Israel J.Chem. 4, 72-75. 

28. Lanyi, J.K. (1974) Bacteriol.Rev. 38, 272-290. 

29. Von Hippel, P.H. & Schleich, T. (1969) in Structure and Stability of Biolo­

gical Macromolecules (Timasheff, S.N. & Fasman, G.D., eds) pp. 417-574, 

Marcel Dekker, New York. 

61 



30. Klibonov, A.M., Kaplan, O.N. & Kamen, M.D. (1979) Biochim.Biophys.Acta, 547, 

411-416. 

31. Hill, C.L., Renaud, J., Holm, R.H. & Mortenson, L.E. (1977) J.Am.Chem.Soc. 

99, 2549-2557. 

32. Chen, J.S. & Mortenson, L.E. (1977) Fed.Proc. 36, 697. 

33. Van Heerikhuizen, H., Albracht, S.P.J., Ten Brink, B., Evers-van Twist, L. 

& Slater, E.C. (1978) in: Hydrogenases: Their Catalytic Activity, Structure 

and Function (Schlegel, H.G. & Schneider, K., eds) pp. 151-159, Erich Goltze, 

Göttingen. 

34. Cermäck, V. & Smutek, M. (1975) Collection Czech.Chem.Commun. 40, 3241-3264. 

35. Slater, E.C. (1955) Biochem.J. 59, 392-405. 

36. Jellinek, K. (1911) Z.Elektrochem. 17, 157-176. 

37. Scheppler, K.J. (1975) Phd. Thesis, University of Michigan (University 

Microfilms). 

62 



4. AN ANALYSIS OF ACTIVITY 
DETERMINATIONS IN A SERIES COUPLED 
REDOX REACTIONS WITH SPECIAL 
REFERENCE TO HYDROGENASE 

* 
Cees van Dijk, Stephen G. Mayhew and Cees Veeger. Department of Biochemistry, 

Agricultural University, De Dreijen 11, 6703 BC Wageningen, The Netherlands. 

Department of Biochemistry, University College, Belfield, Dublin 4, Republic 

of Ireland. 

4.1. SUMMARY 

The theoretical part of this paper gives the mathematical description of a 

system in which a redox mediator is continuously reduced by a redox system, in a 

non-rate limiting way and continuously enzymatically oxidized, in a rate-limiting 

way. Due to the changes in redox potential during the course of the reaction the 

ratio reduced/oxidized redox mediator declines gradually. It is possible to re­

late the changes in this ratio to the actual amount of product formed. 

The product formation will be applied to the production of hydrogen by hy-

drogenase in a system with a redox mediator, which reduced form functions as ulti­

mate electron donor for hydrogenase, and the dithionite/(bi)sulphite redox couple 

as reducing system. The changes in ratio reduced/oxidized redox mediator as func­

tion of pH and redox potential, followed spectrophotometrically, will be related 

to the hydrogen production activity of hydrogenase. 

The second part of the paper deals with the analysis of the theory and des­

cribes the conditions under which the method can be used with methyl viologen as 

redox mediator. 

The conditions to determine the pH dependence of the hydrogen production 

activity manometrically are also described. 

4.2. INTRODUCTION 

In general, hydrogenases catalyze the overall reaction 

2 H+ + 2 e t H? (1) 
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The hydrogen evolution activity of hydrogenase is most commonly determined by 

following hydrogen formation in the presence of an electron carrier and an excess 

of dithionite ion to maintain a constant level of the reduced form of the elec­

tron carrier and a low redox potential. Since protons are substrate for hydroge­

nase the effect of pH on the production activity is of particular interest. As 

has been shown by Mayhew [1], however, the reducing capacity of dithionite is 

pH-dependent and decreases with decreasing pH, which results in a decreased con­

centration of reduced electron carrier at low pH values. 

In this paper we describe the theoretical aspects and practical details of 

a spectrophotometric method to determine the hydrogen production activity as a 

function of pH and redox potential, as well as certain limitations of the mano-

metric assay. 

4.3. THEORY 

The hydrogen production activity of hydrogenases is most commonly determined 

by measuring hydrogen evolution during the oxidation of a dithionite-reduced elec­

tron carrier [2]. Excess dithionite is required to maintain a constant level of 

reduced electron carrier and a low redox potential so that the amount of hydrogen 

produced is linear with time. The hydrogen produced is monitored manometrically, 

gas chromatographically or amperometrically. This redox mechanism is depicted in 

Scheme I. 

2-
2"4 < '- ^2 "N. jf " ^5v Jf 2 "2 1 S A . S09 ^ . A _. - 1 H . 

X Jvd 
H +

+ H S O / ^ ^ D - ^ V H + 

hydrogenase 

Scheme I: Hydrogen production from a dithionite-reduced electron aarrier. 
The dithionite/(bi)sulphite redox couple is in redox equilibrium with the D/A 
redox couple, where A is the oxidized and D the reduced form of the electron car­
rier. D functions as ultimate electron donor for hydrogenase. The dithionite con­
centration is higher than the concentration of reduced electron donor. 

4.3,1. Mathematical description of Scheme I before addition of hydrogenase 

Dithionite is in equilibrium with the SO- radical which, according to 

Mayhew [1], functions as the reducing species. The concentrations of dithionite 

and (bi)sulphite determine the redox potential of the dithionite/(bi) sulphite 
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redox couple according to Eqn (2). 

S (1 + A + 8 KSJ 
2? = 2 ? ' + I ? in-2 Ü - (2) 

A F 2 S 

v 

where E, is the observed potential with reference to the hydrogen electrode at 

pH 0, and according to the notation of Mayhew [1] E' is the midpoint potential 

for the oxidation of the SCU" radical, which value is pH and temperature-depen­

dent (cf. [1]). S and S are respectively the concentrations of the total oxi­

dant and total reductant as described by Eqns (3-4); Eqns (5-6) describe the 

monomerisation of dithionite. 

So = [HS03
_] + [S03

2~] (3) 

Sr = [S02~] + 2[S204
2"] (4) 

? K 

[S204
z"] , a » 2tS02"] (5) 

Ka = [S204
2"]/[S02"]2 (6) 

From Eqns (4) and (6) : 

Sr = 2[S204
2"] + / [S204

2"]/ /X a (7) 

Q _1 

A value for the association constant of reaction 5 i s : Z = 7.14 x 10 M [3]. 
a 

According to Scheme I the dithionite/(bi)sulphite redox couple is in redox 

equilibrium with the reduced and oxidized forms of the electron carrier so it 

can be said that: 

E -E.+ZT l n
S o ^ + A + & K a S r K , + XT l n [A] f g ) 

Eh E T ln Ts Ei y-ln TOT t 8 ) 

r 
where 2?7 is the midpoint potential of the electron carrier and A and D are respec­

tively the concentrations of the oxidized and reduced forms of the electron car­

rier. If P is the concentration of the electron carrier added it follows that: 
[A] = [P] - [D] (9) 

Since E' and 2?7 are, at a given pH value, constants a new constant K1 can be 

defined: 

K1 = exv(F(E2 - E')/RT) (10) 
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Since the value of E' is pH-dependent [1], the value of X, decreases at decreas­

ing pH values if the midpoint potential £ of the mediator is pH-independent 

(for example methyl viologen [1,4]). If E7 is pH-dependent (for example M.elsde-

nii flavodoxin [5]; below pH 5.5 A£7 is -59 mV per pH unit) the value of #7 be­

comes constant below pH 5.5 since E' also changes with -59 mV/pH unit. 

Substituting Eqns (9-10) into Eqn (8), dividing both parts of the eqn by RT/F 

and leaving out the logarithm it follows that: 

mi mi S (1 + /1 + 8 X S ) 
[P] - [DJ _ _£2 a r r-m 

[D] 2 K,S 
1 v 

Eqn (11) can be solved for [D]: 

2[P]X7S 
[D] = t-£ (12) 

2 K-S + S (1 + /1 + 8 K S ) 1 r o ar 

Rewriting the square root term of the denominator of Eqn (12) by substituting 

Eqn (7) gives: 

1 / 1 + 8 V r = /1 + 16 Ka[S204
2"] + 2/16 V S 2 0 4

2 " ] = 

/ (1 + /16 X a [ S 2 0 4
2 - ] ) 2 = 1 + 4 ^ a [ S 2 0 4

2 " ] (13) 

Substituting Eqns (7) and (13) into Eqn (12), followed by multiplication of the 
2- 2-

second term of the denominator by ([S^O, ]/K ) / ( [S 20. ]/K ) and next mult ipl i­

cation of the numerator and denominator by {\ /X /GCZtSoO« ] + J[Sß. ]//K ) 

x JK )} gives Eqn (14): 
[P] X7/[S70.2"] 

[D] = ^ ^ ^ (14) 

1 2 4 o a 

4.3.2. Mathematical description of Scheme I after addition of hydrogenase 

Addition of hydrogenase to the redox system as described in Scheme I results 

in the continuous oxidation of the dithionite-reduced electron donor D by hydro­

genase to form hydrogen and the oxidized form of the electron donor A. The oxi­

dized electron donor becomes continuously re-reduced by dithionite to form (bi­

sulphite and D. This cyclic process results in the ultimate oxidation of dithio­

nite, mediated by an appropriate reduced electron donor (for example, methyl vio-
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logen, ferredoxin, flavodoxin, cyte, [6-8]), to form stoicheiometric amounts of 

(bi)sulphite and hydrogen. Due to the oxidation of dithionite the dithionite/(bi)-

sulphite redox couple becomes less negative, resulting in an identical change in 

redox potential of the D/A redox couple. However, this identical change in redox 

potential is only valid, when it is assumed that the rate of reduction of the oxi­

dized electron donor by S09 radical is faster than the rate of oxidation of the 

reduced electron donor by hydrogenase. 

The increase in redox potential results in an increase in the concentration of A 

and a decrease in the concentration of D. It should be pointed out, that the 

changes in concentration of A and D do not equal, but only represent a measure 

of the amount of hydrogen produced. If the increase in concentration of A, or de­

crease in concentration of D can be measured as a function of time the decrease 

in dithionite concentration, which equals the amount of hydrogen produced can be 

derived in the following way: 

The hydrogen production activity v is the amount of hydrogen produced per 

unit of time; since the amount of hydrogen produced equals the amount of dithio­

nite oxidized it can be said that: 

v d H , d[S70,2"] 
- Z 4 (15) 

[E] dt dt 

Since the oxidation of each mole dithionite results in the formation of 2 

moles (bi)sulphite it follows that: 

d[S70,2"] d S d S 
2-i = i °- thus %- = - 2 (16) 
dt dt d [ S2°4 ] 

Measuring the decrease in concentration of D as function of time it can be said 

that: 

d [D] d [S?0,2_] d [D] 
= — . = — (17) 

dt dt d [S204
z ] 

Substituting Eqn (15) into Eqn (17) gives: 

v d [D] d [S70.2-] 
= . L-± (18) 

[E]t dt d [D] 

On the other hand, measuring the increase in concentration of A as function of 

time it can be shown in the same way that: 
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Table 1. Calculated relation between pH, E 3 dithionite, (bi)sulphite and methyl 
viologen concentrations to obtain 0.3 mM of the methyl viologen in its semiqui-
none form. 
Calculations were performed according to Mayhew [1]. P is methyl viologen. It was 
assumed that the temperature was 30 C; the changes in midpoint potentials (-2.2 
mV.K for the dithionite/(bi)sulphite redox couple [10] and -0.6 mV.K for me­
thyl viologen [9]) due to the change in temperature from the value of 25 C used 
previously was taken into account. 

Conditions 

pH 7.5 

E' = -724 mV 

E' = -449 mV 

K = 37520 

pH 6.5 

E' = -631 mV 

E'2 = -449 mV 

K2 = 1065 

pH 5.5 

E' = -563 mV 

£j = -449 mV 

K2 =
 7 8 - 7 5 

Eh 

mV 

-500 

-450 

-400 

-450 

-400 

-350 

-400 

-350 

-300 

[P] 

total methyl 
viologen 

mM 

0.343 

0.589 

2.26 

0.589 

2.26 

13.6 

2.26 

13.6 

906 

(bi)sulphite 

[s2o4
2] 

1 mM 

6.30 

42.7 

290 

1.21 

8.23 

55.9 

0.61 

4.13 

28.0 

in mM at 

[s2o4
2-] 

2.5 mM 

9.95 

67.6 

459 

1.92 

13.2 

88.3 

0.96 

6.53 

44.3 

[s2o4
2-] 

7.5 mM 

17.2 

117 

794 

3.32 

22.5 

153 

1.67 

11.3 

76.8 
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2— 
Table 2. Caleulated values for d\SJ). ]/d[D] for the conditions as described in 
Table 1 before (t=0) and after (t=tj addition of hydrogenase. 
Experimental conditions: an anaerobic cuvette (0.4 cm lightpath) contained at 
t=0, 0.3 mM methyl viologen semiquinone (e,„, = 13.6 mM cm [1]). Values for 
dtS.O, ]/d[D] at t=0 are given in columns 3-5. After addition of hydrogenase and 
a decrease in A,„, of 0.05 (t=t), corresponding with a decrease in the concentra­
tion of methyl viologen semiquinone of 9.2 yM, values for d[S~0, ]/d[D] were re­
calculated and are expressed as percentage of the corresponding value of d[S„0, ] 
/d[D] at t=0 (columns 6-8). 

E, d[S„0.2~]/d[D] at t=0 d[S„0,2~]/d[D] at t=t 
h 2 4 2 4 

expressed as % at t=0 

pH 7.5 

K2 = 37520 

pH 6.5 

K2 = 1065 

pH 5.5 

K1 = 78.75 

mV 

-500 

-450 

-400 

-450 

-400 

-350 

-400 

-350 

-300 

[s2o 

1 

32.8 

12.4 

7.58 

3.16 

5.17 

6.36 

1.02 

3.46 

5.85 

42~] at 

in mM 

2.5 

66.9 

29.6 

18.8 

5.47 

10.9 

15.3 

1.69 

6.73 

13.6 

t=0 

7.5 

146.9 

81.1 

55.6 

10.2 

24.7 

42.7 

3.04 

14.0 

26.1 

[S2 

1 

74 

90 

96 

102 

100 

98 

105 

102 

99 

0A
2"] at 

in mM 

2.5 

77 

91 

96 

103 

100 

99 

105 

103 

100 

t=0 

7.5 

90 

93 

96 

104 

012 

100 

106 

104 

100 
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Figure 1. Calculated relation between the concentration of methyl viologen semi-
quinone and the concentration of dithionite oxidized. 
(A) Calculated relation as function of the dithionite concentration, at constant 
pH and identical E-,. The experimental conditions assumed were as described in the 
legends of Table 1 and 2. The pH is 7.5; the initial value for E, = -500 mV. The 
initial dithionite concentrations are indicated on each curve. The arrow indicates 
the point at which the decrease in absorbance is 0.05. (B) Calculated relation as 
function of pH, at the same initial dithionite concentration and identical E, . 
The initial dithionite concentration is 1 mM, the initial value for E^ = -400 mV. 
The pH values are indicated on each curve. The arrow indicates the point at which 
the decrease in absorbance is 0.05. 

concentration of dithionite that has to be oxidized to obtain the same decrease 

in methyl viologen semiquinone absorbance (Fig. 1A), indicating that -d[D]/dt is 

greater at low than at high dithionite concentration. In order to obtain the 

same value for v the correction factor at high dithionite concentrations has to 

be greater than at low dithionite concentrations. Secondly, the value of 

d[S?0,2~]/d[D] at a given redox potential and dithionite concentration decreases 

with decreasing pH. This is due to the fact that at lower pH values less dithio­

nite has to be oxidized to obtain the same decrease in concentration of methyl 

viologen semiquinone, as is shown in Fig. 1B. Thus at pH < 6.5 the value of 

d[S?04
2~]/d[D] does not vary by more than 6% of its initial value; in contrast, 

the value at pH 7.5 can vary by up to 26?o. Further it is noteworthy that at pH 

7.5 the value of dtSJD, ]/d[D] decreases as the redox potential becomes less 

negative while at pH 6.5 and pH 5.5 the opposite occurs. This can be explained 

in the following way: according to Mayhew [1], the effective midpoint potential, 

E , of the dithionite/(bi)sulphite couple is: 
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E
m

 = E ' + § l n 4 V S 2°4 2 " ] C23) 

It can be shown that i£ the effective midpoint potential is more negative than 

the midpoint potential of the electron donor the value of d[S„0. ]/d[D] in­

creases with increasing values for £\, while the opposite occurs if the effective 

midpoint potential is less negative than that of the electron donor. 

A change in the value of dtS^O. ]/d[D] during the progress of the hydrogen 

production reaction implies, that the progress curve for the decrease of D is 

non-linear; such non-linearity is especially marked at high pH values (see Table 

2). Since the tangent is drawn to the initial stage of the progress curve it is 

reasonable to assume that in practice the tangent is drawn through the points at 

t=0 and t=t; at t=t 9.2 yM methyl viologen semiquinone has been oxidized. If the 

values of dtS^O. ]/d[D] for pH 7.5 and E, = -500 mV are calculated according to 

the lines which connect the change in absorption in going from t=0 to t=t these 
2-

values are 28.0, 59.4 and 136.3 for 1.0, 2.5 and 7.5 mM [S204 ] respectively; 

the values are 14, 11 and 7% less than the comparable values at t=0. This indi­

cates that the redox system as described is also applicable at higher pH values 

though the confidence increases at decreasing pH values and becomes maximal be­

low pH 7. However, from Table 2 it can be derived, that at pH 7.5, especially at 
2-

low dithionite concentrations, the value of dtS^O, ]/d[D] decreases, indicating 

that the activity will be slightly overestimated. 

Thus the method described here can be used, firstly, to measure the hydrogen pro­

duction activity of the hydrogenase at pH values below pH 7 and secondly, to stu­

dy the effect of the redox potential on the hydrogenase activity. 

4.4.2. Conditions that -d[D]/dt is constant 

If it is assumed that the hydrogenase obeys Michaelis-Menten kinetics for 

the hydrogen production, the activity as a function of the electron donor concen­

tration is given by: 

v [D] V 
(24) 

[E]t [E]t ([D] + Km) 

where V is the maximal activity at infinite electron donor concentration and Km 

is the Km value for the electron donor at a given pH. According to Eqn (15) 
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v = -d[S204
2~]/dt. Substituting Eqn (24) into Eqn (18) it follows that: 

[D] V d[D] d[S204
2~] 

(25) 
[E]t ([D]+Km) dt d[D] 

Rewriting Eqn (25) gives: 

[E]t ([D] + Km) d[D] 
d[D] = ~— dt (26) 

[D] V d[S204
Z_] 

?_ 
Since it has been shown in Table 2 that, in the first approximation, -d[S~0. ]/ 

d[D] can be assumed to be constant during the initial stage of the reaction, in­

tegration of both parts of Eqn (26) gives: 

[E]t ([D] - [DJ) [E]t Km d[D] 
— + — (ln[D] - ln[D 1) = = — .t (27) 

V V ° d[S2
04 ] 

where D and D are the concentrations of the reduced electron donor at t=0 and o 
t=t respectively. Multiplication of both parts of Eqn (27) with F/Km[E]t and 

solving it for D gives: 

[D] [DJ V d[D] 
+ In [D] = — 5 - + In [D ] • ^ • t (28) 

Km Km [E]t Km d[S204 ] 

Rewriting In [D] gives: 
/[D] - [D0] x 

In [D] = In ([D] + [DJ - [DJ = In + 1 [DJ = 
o o ^ [D ] ' ° 

o 

J D ] - [D ] v 
= In ( — + 1 ) + In [D ] (29) 

V [DJ / ° 

Expansion of the logarithmic function in [D] of Eqn (29) gives: 

[D] - [DJ x [D] - [DJ , JD] - [D K 2 , /[D] - [DJN3 
in ( ~ ° + A= " Q . 1 ( " ° v + 1 r- -o 

V [D0] i " [DJ 2 V [DJ ) 3 v [DQJ 

(30) 
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It can be shown that for [D] = 0.97 [D ], corresponding to a decrease in 

absorbance of 0.05, the contribution of the terms with power greater that one 

only is 1.51 of the value of the term with power one, therefore neglectable. Sub­

stituting Eqn (30) into Eqn (28) and taking In [D ] of Eqn (27) into account: 

[D] [D] - [D 1 [DJ V d[D] 
+ 2_ + in [D ] = _ ° _ + in [D ] . . t (31) 

Km [D ] Km ° [E]t Km d[S204 ] 

Subtracting In [D ] from both parts of Eqn (31) and solving it for [D] gives: 

[D 1 V d[D] 
[D] = [D 1 2 . __ .t (32) 

[E]t ([DQ] + Km) d[S204
Z_] 

Eqn (32) predicts that the decrease in [D] as function of time is linear. In 

other words, -d[D]/dt is constant. Since both -d[D]/dt and d[S204 ]/d[D] are 

constant for the conditions described, u/[E]t has to be constant. 

It is of interest that if [D ]«Km Eqn (32) becomes: 

[DQ] V d[D] 
iuj LIJ j 

0 [E]t Km 

indicating that: 

d[D] [D0] V 

dt [E]t Km 

' d[S204
2"] 

d[D] 

d[S204
2"] 

(33) 

(34) 

which predicts that the tangent drawn to the activity curve represents a measure 

of [D ]V/KmtE]t which gives a value for the ratio 7/Km. 

Eqn (33) can also be derived in an independent way for D « Km; in this case the 

Michaelis-Menten eqn becomes _ o . 

[E]t [E]t Km 

4.4.3. Application to M.elsdenii hydrogenase 

It can be shown in a way similar to that described above, that for the gene­

ral rate equation for the hydrogen production activity of M.elsdenii hydrogenase, 

which is (cf. [6]): 
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v xAV] + x , [D ] 2 + x [D] 3 

= —'- é £ (35) 
[E]t x4 + x5tD] + x6[D]2 + [D]3 

that the decrease in concentration of D at the initial stage of the reaction is 

also constant. Thus the method described above to determine the effect of pH and 

redox potential on hydrogenase activity is also applicable for M.elsdenii hydroge-

nase. 

4.5 EFFECT OF PH ON THE MANOMETRICALLY DETERMINED HYDROGEN PRODUCTION ACTIVITY 

As is depicted in Scheme I due to the action of hydrogenase the dithionite/ 

(bi) sulphite redox couple becomes less negative and causes the concentration of 

the reduced form of the electron donor to decrease. However, at sufficient high 

pH (pH>7.5) and dithionite concentration ([S^O, ]>10 mM) despite of this in­

crease in redox potential, the dithionite/(bi)sulphite redox couple maintains 

such a low redox potential that the commonly used electron donors will be in their 

reduced forms. According to Mayhew [1], the redox potential of the dithionite/-

(bi)sulphite redox couple is: 

h = E'+ f ln Tr^Vr+ § ln 4[S2°42X w 
Lb2u4 J 

2-
As can be derived from Eqn (36), when the ratio S /[S~0. ] is small, oxidation 

of dithionite causes this ratio greatly to change, resulting in a relative large 

increase in E, and a concomitant decrease in the concentration of the reduced 
n 

electron donor. Addition of (bi)sulphite increases this ratio but also causes 

a smaller change in this ratio when dithionite becomes oxidized; thus the change 

in E-, is smaller. 

An increase in volume of the reaction mixture in the Warburg vessel results 

per mole hydrogen produced in a smaller change of the dithionite concentration, 

thus a smaller change in E-,. The effects of addition of (bi) sulphite and enlarge­

ment of the reaction volume on the changes in concentration of the reduced elec­

tron donor (methyl viologen semiquinone) due to oxidation of dithionite by hydro­

genase are shown in Table 3. As can be concluded from this table, it is recom­

mended to use a reaction volume of 6 ml rather than of 2 ml in order to avoid 

drastic changes in the concentration of methyl viologen semiquinone and £", , es­

pecially at pH values lower than pH 7.5. 
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Table 3. Calculated change in the concentration of methyl viologen semiquinone 
as function of the amount of hydrogen produced at several pH values and dithio-
nite/(bi)sulphite ratio's, and its dependence on the reaction volume in the mano-
metric assay. 
The initial methyl viologen semiquinone concentration is 0.3 mM, the temperature 
is 30 C; a, dithionite concentration in the hydrogen production assay as used by 
van Dijk et al. [6]; b, dithionite concentration in the hydrogen production assay 
as used by Chen and Mortenson [11] and by van der Westen et al. [8]; c, (bi)sul-
phlte contamination assumed to be present in dithionite solutions (see following 
paper). 

Reaction volume (ml) 

2 6 

[S20,2 ] S E. [MV2+] amount of H2 produced (umol) 

1.5 3 1.5 3 

mM mM mV mM [MV ] in uM after 1.5 or 3 
umol H„ produced 

7.5 

6.5 

5.5 

50a 

25 

25 

15b 

50 

25 

25 

15 

50 

25 

25 

15 

11.1C 

5.7C 

10 

3.6° 

11.1 

5.7 

10 

3.6 

11.1 

5.7 

10 

3.6 

-536 

-545 

-530 

-550 

-443 

-452 

-437 

-457 

-375 

-384 

-369 

-389 

311 

308 

314 

306 

673 

572 

777 

522 

5350 

3970 

6750 

3290 

298 

298 

298 

297 

278 

265 

272 

252 

261 

238 

259 

212 

297 

296 

297 

294 

258 

236 

248 

215 

233 

196 

227 

162 

300 

300 

300 

299 

292 

287 

290 

282 

287 

276 

285 

264 

299 

299 

299 

298 

295 

276 

281 

266 

275 

256 

272 

236 
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5. THE EFFECTS OF PH AND REDOX POTENTIAL 
ON THE HYDROGEN PRODUCTION ACTIVITY 
OF THE HYDROGENASE FROM 
MEGASPHAERA ELSDENII 

Cees van Dijk and Cees Veeger. Department of Biochemistry, Agricultural 

University, De Dreijen 11, 6703 BC Wageningen, The Netherlands 

5.1. SUMMARY 

The effects of temperature on the ionization constant and apparent midpoint 

potential of the unprotonated species of M.elsdenii flavodoxin hydroquinone shows 

that above 15°C ApX'.K-1 = -9.7 x 10"3 and AS^.K-1 = -0.6 mV. 

The effects of pH and redox potential on the hydrogen production activity with 

methyl viologen semiquinone (0.3 mM; artificial donor) and M.elsdenii flavodoxin 

hydroquinone (50 yM; natural donor) show that at decreasing pH the activity in­

creases . 

Irrespective of the pH, at increasing redox potential, a redox potential-indepen­

dent production activity is followed by a redox potential-dependent production 

activity. This redox potential-dependent behaviour of the hydrogen production ac­

tivity represents a n=2 type redox titration curve with an 'apparent midpoint po­

tential' which corresponds with the potential of the hydrogen electrode at that pH. 

The effect of pH on the manometrically determined hydrogen production activity 

(direct) is in good agreement with that determined spectrophotometrically (indi­

rect; see chapter 4 of this thesis), with both electron donors tested. 

In contrast to predictions from the models for hydrogenase activity (van Dijk 

et al., Eur.J.Biochem. 102, 317-330) a double reciprocal plot of the kinetic data 

for M.elsdenii flavodoxin at pH 5.5 is non-linear. A slightly adapted kinetic 

model based on a similar mathematical formulation of its rate equation, to ex­

plain the effects of redox potential, proton and electron (donor) concentration 

on the hydrogenase activity is proposed. This model also explains, on a theore­

tical basis, the effects of pH and redox potential on the hydrogen production 

activity. 

The effect of pH on the hydrogen oxidation activity with methyl and benzyl violo­

gen as electron acceptors shows for both dyes an optimum at pH 9.7. The ratio of 

79 



the activities with methyl and benzyl viologen is constant over the pH range 

tested. 

5.2. INTRODUCTION 

The enzyme hydrogenase (E.C. 1.18), which catalyses the reversible activa­

tion of molecular hydrogen, is widespread in bacteria and algae [1]. To date 

many highly purified preparations of hydrogenase have been reported from a wide 

range of microorganisms [2-19]. Since hydrogenases are redox enzymes which cata­

lyze the overall reaction: 

2H+ + 2e t H2 (1) 

the effects of redox potential and the proton and electron (donor) concentration 

on the activity are of particular interest. As has been pointed out previously 

[20], studying the effect of the concentration of a dithionite-reduced electron 

donor above pH 7.5 is in general no problem. However, due to the effect of pH on 

the reducing capacity of dithionite [21], hydrogen production activity measure­

ments at pH values below pH 7.5 have to be corrected for the effect of pH on the 

dithionite redox potential [20]. In our opinion the pH-dependent hydrogen produc­

tion activity measurements as published by Erbes and Burris [22], Adams and Hall 

[12,19] and Arp and Burris [16] are not performed correctly since in all these 

studies the effect of pH on the reducing capacity of dithionite was not taken into 

account. 

In this paper we present the results of a study of the effects of pH and 

redox potential on the hydrogen production activity, as determined spectrophoto-

metrically [20] and manometrically, as well as the kinetics with M.elsdenii flavo-

doxin at pH 5.5. The effect of pH on the hydrogen oxidation activity was also 

studied. 

5.3. MATERIAL AND METHODS 

5.3.1. Purification of enzymes 

Hydrogenase from Megasphaera elsdenii was purified as reported [17]. Flavo-

doxin from M.elsdenii was purified as described before [23]. The concentration 

of flavodoxin was determined from absorbance measurements at 445 nm (e-.r = 

10.2 mM"1.cnf1). 
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5.3.2. Effect of pH and redox potential on the hydrogen production activity 

As has been shown by Mayhew [21], the concentrations of dithionite and (bi­

sulphite, as well as the pH and the temperature determine the redox potential of 

the dithionite/(bi)sulphite redox couple. A decreasing pH and temperature, as well 

as increasing dithionite concentrations cause the effective midpoint potential to 

become less negative, resulting in a decrease in reducing capacity of dithionite. 

It is necessary to take these factors into account if the hydrogen production ac­

tivity of the enzyme is determined at pH values below pH 7.5. At pH values below 

pH 7.5 the concentrations of the electron carriers (methyl viologen or M.elsdenii 

flavodoxin) and (bi)sulphite were calculated according to Mayhew [21], taking in­

to account the effects on the redox potential of the pH, dithionite concentration, 

and temperature, so that the concentrations of methyl viologen semiquinone and 

flavodoxin hydroquinone were respectively 0.3 mM and 50 yM. If not otherwise 

stated these concentrations of reduced electron carriers were used throughout to 

study the effects of pH and redox potential on the hydrogen production activity 

of the enzyme. The pH-dependence of the hydrogen production activity was deter­

mined manometrically as well as spectrophotometrically. 

For all activity measurements described below, the temperature was 30 C, the 

gas phase was argon for measurements of hydrogen production, or hydrogen when 

hydrogen oxidation activity was determined. The dithionite and sodium (bi)sulphite 

concentrations are given after reduction of the electron carrier; in all cases 

the contamination of dithionite (from Merck) by sodium (bi)sulphite, was taken into 

account. This contamination of dithionite by (bi)sulphite was determined spectro­

photometrically by adding increments of a known dithionite solution to anaerobic 

solutions at pH 6.5-5.5 either containing M.elsdenii flavodoxin or methyl viologen 

at 25°C. From the redox potentials as indicated by the oxidized methyl viologen/ 

semiquinone or the flavodoxin semiquionone/hydroquinone redox couples the (bi­

sulphite concentrations could be calculated according to Mayhew [1]. The average 

of eight determinations showed that our batch of dithionite contained 221 + 2% 

(bi)sulphite. The dithionite and sodium(bi)sulphite solutions used were prepared 

freshly every day. The pH of the (bi)sulphite and methyl viologen solutions used, 

were adjusted to the pH of the buffers used to study the effect of pH and redox 

potential on the production activity with respectively citric acid and 1 N NaOH. 
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5.3.3. Manometria assay 

The manometric assay was used to study the effect of pH on the hydrogen pro­

duction activity of the enzyme with methyl viologen semiquinone (0.3 mM) and 

flavodoxin hydroquinone (50 yM) as electron carriers. When methyl viologen semi­

quinone was used as electron carrier Warburg manometers contained in the main 

compartment of 6 ml: 1.8 mmol phosphate buffer pH 8-5.5, 1.8-40.1 ymol methyl 

viologen, 300 ymol Na2S20., 67 ymol sodium(bi)sulphite and 3 mg bovine serum al­

bumin. Sodium dithionite was dissolved anaerobically in 300 mM phosphate buffer 

of the same pH as the buffer used in the assay and was added to the main compart­

ment of the manometer by syringe while flushing the manometer with argon. The 

hydrogenase was added under similar anaerobic conditions to the side arm. The re­

action was started by tipping the enzyme from the side arm into the main compart­

ment. Using flavodoxin hydroquinone as electron carrier Warburg manometers con­

tained in the main compartment of 6 ml: 1.35 mmol phosphate buffer pH 8-5.5, 0.3-

0.448 ymol flavodoxin, 300 ymol Na-S^O. and 67 ymol (bi)sulphite; dithionite was 

prepared as described above. The reasons for using 6 ml instead of 2 ml, as used 

routinely in the Warburg manometer have been described [20]. 

5.3.4. Speotrophotometric assay 

The spectrophotometric assay was used to study the effects of pH and redox 

potential on the hydrogen production activity at fixed reduced electron donor con­

centrations. Using methyl viologen semiquinone (0.3 mM) as electron donor the ac­

tivities were calculated from the decrease in absorbance at 604 nm [20] (etri/1 nm = 
-1 -1 6 0 

13.6 mM cm [21]). Anaerobic cuvettes (0.4 cm light path) were stoppered with 

a Suba-seal rubber cap and contained in a final volume of 1.8 ml: 0.54 mmol phos­

phate buffer pH 8-5, 1.8-18 ymol Na-S-O,, 0.9-200 ymol sodium (bi)sulphite, 0.545-

54.5 ymol methyl viologen and 0.9 mg bovine serum albumin. It was observed that, 

at high methyl viologen and (bi)sulphite concentrations before addition of dithio­

nite, a green colour developed which probably is a product of a reaction between 

methyl viologen and (bi)sulphite. However, the concentration of this product was 

apparently sufficiently low that, after addition of dithionite, it did not marked­

ly affect the extent of reduction of methyl viologen. The nature of this product 

was not investigated. As has been shown by Yu and Wol in [24] at low pH methyl 

viologen semiquinone is only stable when the ratio of oxidized methyl viologen/ 

semiquinone is high. This condition was met as can be derived from Table 1 and 
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Fig. 2A (see Results). 

When flavodoxin hydroquinone (50 \M) was used as electron donor the activi­

ties were calculated from the increase in absorbance of the semiquinone at 580 nm 
-1 -1 

(er8n = 4.5 mM cm [23]). Anaerobic cuvettes (1 cm light path) contained in a 

total volume of 1.0 ml: 0.225 mmol phosphate buffer pH 8-5, 2-6 umol Na~S?0., 0.8-

170 nmol sodium(bi)sulphite, 50-680 nmol flavodoxin. The cuvettes plus contents, 

but minus dithionite and hydrogenase, were made anaerobic by five cycles of eva­

cuation and filling with argon gas; after the final cycle the cuvettes were filled 

with argon, and equilibrated at 30 C. Dithionite was then added and the absorption 

at 604 or 580 nm was read, when respectively methyl viologen semiquinone or re­

duced flavodoxin hydroquinone were used as electron carriers, followed by addition 

of hydrogenase. At each pH value and for both electron carriers tested, it was 

established that the activity was linear with the enzyme concentration, indicat­

ing that the rate of reduction of the electron carriers by dithionite was faster 

than the rate of oxidation of the electron carriers by hydrogenase, the latter 

being the rate limiting step (for detail see [20]). 

The spectrophotometric assay was also used to study the effect of the concen­

tration of flavodoxin hydroquinone at a redox potential of -381 mV _+ 3 mV at pH 

5.5 on the hydrogenase activity. In a total volume of 1.0 ml the anaerobic cuvet­

tes (1 cm light path) contained 0.225 mmol phosphate buffer pH 5.5, 10 umol 

NSLJSJO., 4.05 umol sodium(bi)sulphite and 12.9-771 nmol flavodoxin, the concen­

tration of vlavodoxin hydroquinone ranged from 10-575 yM. 

As has been shown in the accompanying paper [20], the best values for the 

activity are obtained at the initial stage of the activity progress curve; in 

other words when the increase in the concentration of the oxidized form of the 

electron carrier is small (AAron = 0.002). To increase the sensitivity of the 

measurement the split beam mode of the Aminco DW 2a spectrophotometer was used. 

5.3.5. Effect of pH on the hydrogen oxidation activity 

The pH-dependence of the hydrogen oxidation activity was assayed by spectro­

photometric measurement of the rate of reduction of methyl (1 mM) and benzyl vio­

logen (1 mM) as described previously [17] at 604 and 540 nm respectively, using 
-1 -1 

an absorbance coefficient of 13.05 mM cm for reduced benzyl viologen [17]. 

The buffers used were 150 mM phosphate buffer pH 6-8, 150 mM Tris-HCl buffer pH 

8-9 and 150 mM glycine-NaOH buffer pH 9-12. 

In order to scavenge residual oxygen glucose and glucose oxidase were added 
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below pH 9, and above this pH 2-mercaptoethanol and vitamin IL». Hydrogen oxida­

tion activity was determined as described before [17]. It was observed that, 

above ptkô, after evacuation and filling the cuvettes with hydrogen gas and be­

fore addition of 2-mercaptoethanol and vitamin B1 2 derivative, thus in the ab­

sence of hydrogenase, benzyl viologen semiquinone was formed spontaneously. Hydro­

gen oxidation activities were corrected for this endogenous activity. Control ex­

periments showed that this spontaneous formation of benzyl viologen semiquinone 

did not depend on the nature of the buffer, but only on pH; it precipitated slow­

ly from solution as a deep purple precipitate. 

5.4. RESULTS 

5.4.1. Effects of temperature on the midpoint potential and pK' for flavodoxin 

hydroquinone 

As has been shown by Mayhew [25] at low pH flavodoxin hydroquinone becomes 

protonated according to 

F1H2" + H+ t F1H3 (2) 

with a value for the ionization constant at 25 C of pK' = 5.8. However, since 

the determination of the hydrogen production activity with flavodoxin hydroqui­

none was performed at 30 C and at pH values around pH 5.8 the effects of tempera­

ture on the midpoint potential and ionization constant of flavodoxin hydroquinone 

were determined. 

According to the corrected value, the effective midpoint potential of the dithio-

nite/(bi)sulphite redox couple changes by -2.2 mV.K [26]. With this value the 

effects of temperature on E„ (the apparent potential at pH = 0 for the unproton-

ated species), E and p#' were determined where, according to Mayhew [25]: 

Ei = h +T- ln(1 + a [H+]) (3) 

and 

1 [H+] [F1H "] 
K' = - = — (4) 

01 [F1H3] 

The effects of temperature on equilibrium mixtures that contained flavodoxin and 

excess dithionite and (bi)sulphite were examined at pH 7.5, 6.2 and 5.85 (Fig. 

1A). From the temperature curves at pH 6.2 and 5.85 the values for pK' and E-r. 

84 



Temperature ( CI 

10 20 

Temperature l°C) 

Figure 1. Effects of temperature on the extent of reduction of M.elsdenii flavo­
doxin, on pK' and on E_, at several pH values in the presence of excess dithio-
nite and (hi)sulphite. 
(A) Anaerobic cuvettes contained in 3.5 ml 0.3 M phosphate buffer at the pH in­
dicated (A) pH 7.5, 100 uM flavodoxin and 17.7 mM (bi)sulphite; (o) pH 6.2, 
40 uM flavodoxin, 5.0 mM (bi)sulphite; (•) pH 5.85, 40 uM flavodoxin, 5.0 mM 
(bi)sulphite. The concentration of dithionite was in all cases 1.25 mM. The 
temperature of the cuvette was decreased to 4 C, then increased stepwise to 
35 C. The absorbance at 580 nm was read after each change in temperature. (B) 
The values for E and K' for the effective potential of dithionite-(bi)sulphite 
mixtures [26]:(«J pK'; (0) pK' as determined by Mayhew [25]; (A) £„. 

could be calculated at each temperature (Fig. 1B). These values are in good 

agreement with the values calculated at pH 7.5, where only about 21 of the flavo­

doxin hydroquinone is in its protonated form. From these data it can be concluded 

that the change in midpoint potential of the protonated species is greater than 

the change in midpoint potential of the unprotonated species per K. Above 15°C 
-1 -1 -3 

Affg.K is -0.6 mV and ApX'.K is -9.7 x 10 . From these data it can be calcu­

lated that at 30°C the value for £R = -378 mV, with an ionization constant pX' = 

5.75. These values are used throughout this paper. 

5.4.2. Effect of pH on the manometrically determined hydrogen production activity 

The effect of pH on the hydrogen production activity with methyl viologen 

semiquinone (0.3 mM) and flavodoxin hydroquinone (50 \M) is shown in Table 1 

and Fig. 8. 

With respect to the activity measurements determined manometrically as well 
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Table 1 Effect of pH on the hydrogen production activity of M.elsdenii hydroge-
nase with methyl viologen semiquinone (0.3 mM) and flavodoxin hydroquinone (50 \iM) 
at varying redox potential. 
Hydrogen production activity measurements were performed as described in Material 
and Methods. It should be noted that the activities were performed in phosphate 
rather than in Tris-HCl buffer [17]. For example, the activities determined in 
Tris-HCl buffer pH 8 with 0.3 mM methyl viologen semiquinone and 50 yM flavodoxin 
hydroquinone are 239 and 201 umol.min .mg respectively. All values are the 
average of two duplicate measurements. 

methyl vie 

pH 

8.00 

7.50 

7.30 

6.84 

6.53 

5.95 

5.50 

Eh 
mV 

-592 

-532 

-513 

-470 

-444 

-404 

-375 

logen semiqu 

[MV2+] 

mM 

0.300 

0.312 

0.326 

0.433 

0.660 

1.96 

5.35 

inone 

Activi 

Electron donor 

ty 

ymo1.min 

mg 

347 

590 

731 

1235 

1990 

3480 

4200 

i 

pH 

8.00 

7.56 

7.40 

7.02 

6.75 

6.25 

5.85 

flavod 

Eh 
mM 

-592 

-540 

-523 

-486 

-462 

-417 

-390 

3xin hydroquinone 

[Fl] 

UM 

50 

50.1 

50.2 

50.8 

51.8 

58.5 

67.4 

Activity 

pmol.min 

-1 
mg . 

48.8 

79.2 

95.6 

248 

365 

726 

826 

as spectrophotometrically it should be emphasized that these were performed in 

phosphate instead of Tris-HCl buffer, the latter buffer was used routinely in 

earlier studies [17,26]; both buffers affect the production activity [17]. For 

example, if 300 mM phosphate buffer pH 8 is used (this paper) instead of 75 mM 

Tris-HCl buffer pH 8, the manometrically determined hydrogen production activity 

with 0.3 mM methyl viologen semiquinone increases by 45%. This was previously 

also observed with 1 mM methyl viologen semiquinone [17]. However, the hydrogen 

production activity with 50 \M flavodoxin hydroquinone decreases by 75% using 

225 mM phosphate buffer pH 8 (this paper) instead of 75 mM Tris-HCl buffer pH 8. 

The inhibition of the production activity with flavodoxin hydroquinone in phos­

phate buffer compared to Tris-HCl buffer is probably caused by the difference in 

ionic strength between these buffers, since the hydrogen production activity with 

flavodoxin as determined in Tris-HCl pH 8 is also inhibited by sodium chloride 

[17]. 
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Since, at a given pH the effect of the redox potential on the hydrogen pro­

duction activity was studied by changing the ratio dithionite/(bi)sulphite (see 

below), the effect of (bi)sulphite on the hydrogen production activity at pH 8 

was also determined manometrically, because salts influence the hydrogenase acti­

vity [17,26]. It appears that in 300 mM phosphate buffer pH 8 addition of 100 mM 

(bi)sulphite stimulates the hydrogen production activity with 0.3 mM methyl vio-

logen semiquinone by 81; in 225 mM phosphate buffer pH 8 addition of 100 mM (bi­

sulphite inhibits the hydrogen production activity with 50 \M flavodoxin hydro-

quinone by 10%. 

5.4.3. Effects of pH and redox potential on the spectrophotometricdlly determined 

hydrogen production activity 

The effects of pH and redox potential on the hydrogen production activity 

with methyl viologen semiquinone (0.3 mM) and flavodoxin hydroquinone (50 yM) 

are shown in Fig. 2A and 2B respectively. From both figures it appears that, 

firstly, the activity increases at decreasing pH, secondly, at a given pH the 

activity is independent of the redox potential up to a certain value, after which 

the activity declines, thirdly, at decreasing pH values, this redox potential-

independent part of the hydrogen production activity shifts to more positive po­

tentials, fourthly, the redox potential at which hydrogenase does not produce 

hydrogen anymore increases with decreasing pH and fifthly, in the range of redox 

potentials where the hydrogen production activity is constant, at less negative 

redox potentials, the concentration of the reduced electron carrier is constant 

while the concentration of the oxidized form of the carrier increases. This lat­

ter observation suggests that, firstly, the oxidized forms of the electron car­

riers used do not inhibit the hydrogenase and secondly, that flavodoxin semiqui­

none cannot serve as electron donor for hydrogenase to produce hydrogen. Further 

it is noticeable that at a given pH the redox potential at which half of the maxi­

mal activity at that pH is observed is at the potential of the hydrogen electrode 

at that pH (see Fig. 3). (Bi)sulphite affects the hydrogen production activity 

with methyl viologen semiquinone and flavodoxin hydroquinone. However, since 

this effect is rather small (see above), and because at pH values below pH 7 

the (bi)sulphite concentration did not exceed 100 mM, the effect of (bi)sulphite 

on the patterns as observed in Fig. 2A, 2B and Fig. 6 may be assumed to be negli­

gible. 

The pH-dependence of the redox potentials at which hydrogen is no longer 
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produced, the end potentials, were determined independently with both electron 

donors. The effect of pH on the end potential is shown in Fig. 3. From this 

figure it can be clearly seen that the end potentials become more positive at 

Figure 3. Effects of pH on the end potentials. 
Anaerobic cuvettes contained in a final volume of 1.8 ml: 300 mM phosphate buffer 
pH 8-5, 200 mM Tris-HCl buffer pH 8-9, either 0.3-20 mM methyl viologen or 50-58 
uM flavodoxin, 2-20 mM (bi)sulphite and 0.5 mM dithionite. Next hydrogenase was 
added and the cuvettes were stored in an anaerobic chamber filled with argon at 
30 C during 24 hrs. After this period the absorbance at 604 (methyl viologen 
semiquinone ) or 580 nm (flavodoxin semiquinone) was measured and the end poten­
tials calculated. Storage for another 24 hrs did not change the degree of oxida­
tion indicating that no more hydrogen was produced. (•) end potentials observed 
with methyl viologen semiquinone as electron donor; (A) end potentials observed 
with flavodoxin hydroquinone as electron donor; (•) potential at which half of 
the redox potential independent activity is observed with methyl viologen semi­
quinone as electron donor at the corresponding pH: the 'apparent midpoint poten­
tial' (derived from Fig. 2A); (a) potential at which half of the redox potential 
independent activity is observed with flavodoxin hydroquinone as electron carrier 
at the corresponding pH (derived from Fig. 2B). 

decreasing pH. The slope of A (end potential)/ApH is -61 mV and thus parallels 

the hydrogen electrode; the end potentials are, on average, 58 mV more positive 

than the hydrogen electrode at the corresponding pH. Further, it is noticeable 

that the redox potentials at which the hydrogen production activity ceases to be 
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redox potential-independent (Fig. 2) are, at the pH values tested, about 45 mV 

more negative than the hydrogen electrode at the corresponding pH values. 

The effects of pH and redox potential on the hydrogenase activity are ob­

served with the artificial electron donor methyl viologen semiquinone and with 

the natural electron donor flavodoxin hydroquinone. This indicates that the ef­

fects described do not depend on the nature of the electron donor, but rather 

represent effects of pH and redox potential on the hydrogenase activity itself. 

For Clostridium pasteurianum hydrogenase Chen [27] also observed a dependence 

of the end potentials on the pH. From his data it can be derived that at pH 8 

and pH 7.2 these end potentials are about 60 mV less negative than the potential 

of the hydrogen electrode at the particular pH values, all in agreement with the 

data for M.elsdenii hydrogenase. However, at pH 6 a strong deviation from this 

relation can be calculated. 

5.4.4. Kinetics with flavodoxin at pH 5.5 

In contrast to our expectation a double reciprocal plot of the concentration 

of flavodoxin hydroquinone versus the activity is non-linear (Fig. 4). At low pH 

a linear double reciprocal plot was expected for the activity versus the electron 

donor concentration, since both models proposed for hydrogen production [17] pre­

dict that at low pH the pathway will become compulsory with respect to the order 

of addition of protons and electrons. As can be derived from Table 2, the activi­

ty curve could be fitted equally well for Eqn (6) as for Eqn (7) of ref. [17]. 

Compared with the production activity at pH 8 the value for V increases about 

fourfold while the [S]„ ,- value decreased slightly from 150 yM to about 100 yM. 

However, this fourfold increase in V is probably an underestimation since the hy­

drogen production activity determinations were performed in phosphate buffer 

which inhibits the production activity with flavodoxin compared with Tris-HCl 

buffer, as described above. From Fig. 1B the ratio of the protonated (F1H,) and 

unprotonated (F1H~~) forms of flavodoxin hydroquinone can be calculated. Assuming 

that the activity of hydrogenase towards these two species is independent and 

additive, and both activities fulfill Eqn(7) of ref. [17] the activity of the 

enzyme towards [F1H,] and [F1H~] could be simulated (Table 2). The [S]Q 5 value 

for both substrates is about 50 yM, while the value for V for F1H, is twice that 

for F1H2". 
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Table 2. Results of fitting the kinetic data at pH 5.5 for flavodoxin accord­
ing to Eqns (6) and (7) of ref. [17]. 
Activity measurements were performed as described in Material and Methods, x -x 
are rate constants according to Eqn (6) or Eqn (7) of ref. [17]. The concentra­
tion range given is that of M.elsdenii flavodoxin hydroquinone used to test the 
hydrogenase activity. The number of experiments performed at different donor con­
centration is 20. 

Parameter 

xl 
1 

x2 
x3 

x4 
X5 
x6 
[S]0.5 
V 

Standard error 
estimate % 

Substrate in­
hibition 

Unit 

M 3 • -' 
mM m m 
mM m m 

mM min 

mM3 

mM2 

mM 

mM 

Concentration range: mM 

flavodoxin 
hydroquinone 

0.057 

6.62 

3.68 

0.011 

0.105 

1.56 

0.098 

3.89 

0.2% 

+ 

0 

Value for 

0.0431 

4.14 

— 

0.0077 

0.0537 

0.106 

4.14 

0.3% 

-

.011 - 0, .575 

F1H2~ 

0.0036 

1.41 

0.0026 

0.052 

0.052 

1.41 

0.4% 

-

F1H3 

0.0194 

2.63 

0.0020 

0.0216 

0.055 

2.63 

0.4% 

-
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10 20 30 40 
l/[7ully reduced flavodoxin] (mM~') 

Figure 4. Double reciprocal plot of the hydrogen production activity, v, on the 
concentration of M.elsdenii flavodoxin hydroquinone, at pH 5.5. 
Activities were determined spectrophotometrically from the increase in absorbance 
at 580 nm and calculated as given in ref. [20]. Conditions are as described in 
Material and Methods. (0) observed activity with flavodoxin (average of dupli­
cate measurements); ( ) calculated activity with flavodoxin according to 
Eqns (6) or (7) from ref. [17]; ( ) calculated activity with FlH ; ( ) 
calculated activity with FlH ~. 

5.4.5. pH-dependence of the hydrogen oxidation activity. 

The pH-dependence of the hydrogen oxidation activity with methyl and benzyl 

viologen is shown in Fig. 5. For both electron acceptors the pH optimum is at 

pH 9.7. At this pH a double reciprocal plot of the kinetic data for benzyl vio-
-1 -1 

logen is linear; V is 15.2 mmol.min .mg , with a Km value of 5.0 mM. It was 

observed, that the ratio of the hydrogen oxidation activity with benzyl and methyl 

viologen as substrate is constant (5.15 + 6%) throughout the pH range tested. The 

molar salt stimulation coefficients [26] with NaCl at pH 9.7 are 1500 and 7000 M 
-1 -1 

salt .rag for respectively methyl and benzyl viologen as electron acceptor. 

These increases in molar salt stimulation coefficients are in proportion with the 

increases in specific activity due to an increased pH. (pH 8 compared to pH 9.7). 

92 



Figure 5. Effect of pH and buffer on the hydrogen oxidation aotivity. 
Open symbols, 1 mM methyl viologen as electron acceptor; closed symbols, 1 mM 
benzyl viologen as electron acceptor. (A) 150 mM phosphate pH 6-8; (0) 150 mM 
Tris-HCl pH 8-9; (•) 150 mM glycine-NaOH pH 9-12. 

5.5. DISCUSSION 

As is shown in Table 1, Figs. 2 and 3, the hydrogen production activity-

depends on the pH, on the redox potential, and on the nature of the electron 

donor. Since it is reasonable to assume that the ferredoxin-type clusters within 

the enzyme [17,26] serve as electron accepting sites, the only explanation for 

the dependence on pH and redox potential of the hydrogenase is that the midpoint 

potentials of these clusters are to a certain extent pH-dependent. For example 

if it is assumed that the midpoint potentials of the ferredoxin-type clusters 

within the enzyme, like nearly all other electron transferring ferredoxins are 

pH-independent [28], and transfer one electron per cluster at an average midpoint 

potential of -400 mV, it can be calculated that at -350 mV only 13% of the clus­

ters are in the reduced form; nevertheless, at pH 5.25 at this potential nearly 

maximal activity is observed (Fig. 2A). Furthermore, at pH 8 at -430 mV 761 of the 

clusters are in the reduced form, but no activity is observed (Fig. 2A). These 

results suggest that the midpoint potential(s) of a (the) ferredoxin-type clus­

ter^) is (are) pH-dependent. However, from the present data it cannot be conclud­

ed that a proton is obligatorily involved in the oxidation-reduction mechanism 

of a (the) cluster(s), although this possibility cannot be excluded. For example, 

Prince and Dutton [29] showed that the midpoint potential of the Rieske iron-

sulphur centre is pH-independent from pH 6-8, but becomes pH-dependent above pH 8. 

Recently Ingledew and Ohnishi [30] showed that the midpoint potentials of centres 
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N-1a and N-2 of NAEH dehydrogenase are pH-dependent. 

Our data indicate that at each pH for both substrates tested (methyl violo-

gen semiquinone and flavodoxin hydroquinone), the difference in potential between 

the end of the redox potential independent part of the activity and the end po­

tential is about 100 mV (Fig. 2A,B). If, at a given pH, the activities are con­

sidered to express the degree of reduction of the enzyme, with the redox poten­

tial-independent part of the activity representing full (100%) reduction and the 

end potentials representing complete oxidation (01 reduction), a n=2 type of re­

dox titration curve is obtained (Fig. 6). These n=2 type redox titration curves 

are observed at the pH range tested and for both electron donors (Fig. 6) and 

are thus a property of the enzyme. 

Figure 6. Redox dependent hydrogen production activities as related to redox ti­
trations. 
It was assumed that in Fig. 2 the activities of the redox independent part repre­
sent full reduction, and the end potentials complete oxidation of the enzyme.Ac­
tivities are expressed as percentage of the activities obtained at the redox in­
dependent part, (o) observed activities with flavodoxin hydroquinone at pH 7.4 
(Fig. 2B); (A) observed activities with methyl viologen semiquinone at pH 6.4 
(Fig. 2A); (A) observed activities with flavodoxin hydroquinone at pH 5.5; in re­
lation to ( ) n=2 type redox titration curve; ( ) n=l type redox titration 
curve. The 'apparent midpoint potential' for the redox titrations curves are at 
-0.444, -0.384 and -0.330 V. 

The mechanistic model of Fig. 7, which is an adaptation of our Model I 

(cf. [17]), explains the n=2 type redox behaviour together with the observed 

change of the apparent midpoint potential of -60 mV/pH unit, and has the same 

mathematical formulation of the rate equation. The main difference between the 

model as proposed in Fig. 7 and the earlier proposed models [17] is that the pre­

vious models suggest that a proton is in the immediate vicinity of its electron-
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accepting site(s), suggesting the formation of native hydrogen at the level of 

the ferredoxin-type clusters. This suggestion is not in agreement with a n=2 

type redox titration curve, if it is supposed that the two ferredoxin-type clus­

ters are each transferring one electron. The kinetic model of Fig. 7 proposes 

that both ferredoxin-type clusters need to be reduced in two one-electron reduc­

tion steps after which two electrons are transferred to the catalytic centre, 

which accepts two electrons at the same redox site, and hydrogen production oc­

curs. This model further supposes protonation of the catalytic centre of the 

oxidized species, all in accordance with the earlier proposed models. Protonation 

equilibria might also exist between two species of the enzyme with the same state 

of reduction, but for reasons of simplicity these steps have not been included 

in Fig. 7. However, each protonation step extends the contribution of the terms 

of [D] in the numerator and denominator with one power. 

The explanation for the n=2 type of redox behaviour of the enzyme must take 

into account that, firstly, all experiments were performed under initial steady-

state conditions, with all enzyme species in equilibrium, and no hydrogen present. 

Secondly, the electron donor concentration D was also constant in all experiments 

so that (sfe, [D]) is constant, where fe, is the rate constant associated with D. 

Thirdly, the redox potential is increased by increasing the concentration of A, 

so that the value of Ik [A], where k is the rate constant associated with A, 

increases at increasing redox potential. Fourthly, the general rate equation for 

the initial hydrogen production for the kinetic model of Fig. 7 is that of Eqn 

(6) of ref. [17]. However, to determine the effects of pH and E, on the hydrogen 

production activity, both D and A are present. In the presence of A the general 

rate equation for the hydrogen production activity is a very complex function of 

A and D: 

v [D]2(x1 + x7[A] + Xg[A]2) + [D]3(x2 + Xg[A]) + x3tD]4 

(7) 
[E]t {[A](x10 + Xl1[A] + x12[A]Z + x13[A]3) + [D](x4 + x^lA] + ̂ [ A ] 2 + 

x16tA]3) + [D]2(x5 + x1?[A] + x18[A]2) + [D]3(x6 + x1g[A]) + x?[D]4}. 

In the absence of A Eqn (7) simplifies to Eqn (6) of ref. [17]. The observation 

that for the redox-independent part of the hydrogen production activity, for both 

substrates, and for all pH values tested (Fig. 2) no detectable decrease in acti­

vity is observed can be explained if in Eqn (7) the contribution of the terms 
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x.[A] (x., a set of rate constants associated with A; n, integer from 1-4) is 

a negligible contribution to the terms x. [D] (x., a set of rate constants asso­

ciated with D; n, integer from 1-4). When the hydrogen production activity becomes 

redox potential-dependent, the contribution of the terms x. [A] apparently be­

comes of such an importance that the activity v decreases and even stops at the 

end potential. At decreasing pH the values of x. and x. apparently change in such 

a way, that the concentration of A necessary to inhibit the hydrogen production 

activity has to be larger. 

For the following part of the discussion it should be emphasized that, to 

explain the effects of pH and E, on the hydrogen production activity on the basis 

of the model of Fig. 7, it is assumed that, firstly, the ratio of D/A not only 

determines the hydrogen production activity according to Eqn (7) but also the re­

dox potential E-,. Secondly, that the ferredoxin-type clusters within the enzyme 

each serve as electron-transferring sites and obey the redox potential of the D/A 

redox couple. Thirdly, that the redox potential of the 'two-electron reduced 

catalytic centre'/'oxidized catalytic centre' is that of the reduced/oxidized 

ferredoxin-type clusters, and therefore equals the redox potential of the D/A 

redox couple. In other words this suggests that the hydrogenase contains two dis­

tinguishable, separate types of redox centres, which are in redox equilibrium 

with each other. 

As has been clearly demonstrated at a given pH the change in activity of 

the enzyme with respect to the increase in redox potential is independent of the 

nature of the electron donors (methyl viologen semiquinone, or flavodoxin hydro-

quinone) and thus a property of the enzyme. 

This points to the fact that, in view of the initial steady-state conditions ap­

plied, all intermediates of the enzyme are in equilibrium and that both types of 

redox centres within the enzyme are in redox equilibrium with the D/A redox 

couple. It can thus be said that: 

„ ^ RT, [A] „ x RT, [ E " F d o x ] 

Eh = Eml + ~ l n W = Em2 + Wln CE-Fdred] 

= E + ̂ l n S[CH+][H*] m 

o + 2Fin LCH2J W 

E , E7 , are the midpoint potentials of the particular redox couples. E-Fd 
o mi j Ó ox 

and E-Fd , are the oxidized and reduced forms of the ferredoxin-type clusters 

(for example, the C form represents an oxidized ferredoxin-type enzyme species 

in which the two-electrons are located at the level of the catalytic centre); 
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it is not known whether protonation of the catalytic centre affects the midpoint 

potential(s) of a (the) ferredoxin-type cluster(s). I[CH ] are those enzyme spe­

cies where the oxidized catalytic centre is protonated, thus also including those 

enzyme species where a (the) ferredoxin-type cluster(s) is (are) reduced; CH? is 

the enzyme hydrogen complex. With respect to n in Eqn (8) this value is 1 when 

the ferredoxin-type clusters show a redox potential-independent behaviour and 

when these clusters show a redox dependent-behaviour n is 1 to 2. 

Clark [31] has developed a systematic formulation of redox equations that in­

volves the coupling of electron transfer with proton transfer. A similar treatmem 

was used here, as outlined below, to obtain a redox equation which describes the 

redox titration curves (Fig. 6) on the basis of the kinetic model of Fig. 7. Sine« 

the redox titration curves of Fig. 6 are based on activity determinations, which 

represent a property of the catalytic centre, together with the assumed similarity 

in redox potentials as described in Eqn (8), the following theoretical approach t( 

explain the effects of pH and E, on the activity only considers the catalytic 

centre. It is assumed that at pH = 0 the predominant oxidized and reduced enzyme 

species are CH and CH-, thus the protonated forms of the oxidized and two-elec­

tron reduced catalytic centre and relations will be orientated by the process: 

CH+ + H + + 2e * CH2 (9) 

Eqn (9) is (at 30°C) : 

According to the notation of Clark [31] the primary redox equation derived from 

Eh-E + 0.03 log [ C I ^ f ] (10 

The total concentration of oxidized enzyme, at the level of the catalytic centre, 

S , is (see Fig. 7): 

Sn = [CH+] + [C] + [C 1H+] + [C.] + [C 9H+] + [C -] + [ C . M+] + [ C , ?](1 o al al az az al,/ al,/ 

in which [C 1 ?] represents the enzyme species containing two electrons at the 

level of the ferredoxin-type clusters, [C ..] and [C ~] the species with cluster 1 

reduced and cluster 2 oxidized, respectively cluster 1 oxidized and cluster 2 

reduced. 

For the oxidized catalytic centre two protonation equilibria can be described 

(see Fig. 7): 

K2 = [C][H+]/[CH+] (12 
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* * = I C a 1 f 2 ] W + 3 / I C a 1 , 2 « + l (13) 

Since the hydrogen production activity determinations were performed under steady-

state conditions, d[enzyme intermediate]/dt = 0, so that each enzyme species has 

a fixed concentration during catalysis it can be said that: 

c1 = [Cal]/[CH+] (14a) 

c 2 = [ C o,2 ] / [ C H + ] (14b) 

c3 = [Ca1H+]/[CH+] (14c) 
c4 = [Ca2H+]/[CH+] (14d) 

c5 = [Ca1 2 H + ] / [ C H + ] (14e) 

Substituting Eqns (12-14) into Eqn (11) and solving it for [CH ] gives: 

[CH+] = S J ÖL3 ) (15) *+] = s ( 
°KKi + crK0 + [H 

x 5-5 ' L"]^1 + C 1 + C 2 + C 3 + C 4 + C5^ 

The total concentration of reduced enzyme, at the level of the catalytic centre, 

Sv, is (see Fig. 7): 

Sr = [CH2] + [CH"] + [C2~] (16) 

For the reduced catalytic centre two protonation equilibria can be described 

(see Fig. 7): 

K2 = [C2"][H+]/[CH"] (17) 

K3 = [CH"][H+]/[CH2] (18) 

Substituting Eqns (17,18) into Eqn (16) and solving it for [CKL] gi-ves: 

[CH ] = s( U Ù ) (19) 
1 \KS + K3Ui ] + [H ] Z / 

Since the redox potential, E-,, of the A/D redox couple determines the redox poten­

tial of the oxidized/reduced catalytic centre (Eqn (8)) substituting Eqns (15) 

and (19) into Eqn (10) gives, according to the notation of Clark [31]: 

S / [H + ] 2 + Z,[H+] + K„K^ 
E, = E + 0.03 log -4- + 0.03 log 
no b S ù 

/ W ]' + K3[H ] + Kfa s 

V + CrK„ + [H+](1 + c. + c + c, + c. + c ) ' 

(20) 

Eqn (20) explains the n=2 type redox potential-dependence at constant pH of the 

symmetrical redox titration curves of Fig. 6. 
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Fig. 8 shows the effect of the proton concentration on the hydrogen produc­

tion activity with methyl viologen semiquinone and flavodoxin hydroquinone. The 

inserts of Fig. 8A and 8B show two points of inflection observed at pH 6.8 and pH 

5.8 for methyl viologen semiquinone, and at pH 7.0 and pH 6.0 for flavodoxin hy­

droquinone. These points of inflection at pH?a7 and pH=ó could represent pZ values 

of at least two distinct amino acids, close to the catalytic centre, necessary to 

deliver protons for hydrogen production. If it is assumed that for both electron 

donors tested, the effects of protons on the enzyme activity can be neglected, 

and protons only serve as substrate, double reciprocal plots of the activity ver­

sus proton concentration are non-linear. The value for h is in both cases 0.85 ± 

0.3, the [S]„ r value for [H ] is for both electron donors tested at pH 6.4 ± 0.2. 

Since, as derived above, the protonation constants K0 and X are ̂ 10 M a pat-

tern as observed from the inserts of Fig. 8 might also be explained other than 

from pK values of neighbouring amino acids. At a constant electron donor concen­

tration and varying proton concentrations, neglecting the effects of protons on 

the enzyme Eqn (6) of ref. [17] is also valid for a random proton addition. 

As has been shown in Table 2, F1H, is a better substrate than FIFL though 

the [S]„ |- values for both substrates are almos't the same. The reason for this 

might be that F1H, carries besides an electron also a proton. As can be derived 

from Fig. 2B and Fig. 6 the redox potential of the kinetic measurements (-381 mV 

± 3 mV) was low enough to cancel the effect of the redox potential on the acti­

vity. As has been shown previously [17] and in this paper the hydrogen production 

activity with flavodoxin hydroquinone is inhibited by an increase in ionic 

strength. It should be pointed out that the activity with methyl viologen semi­

quinone is stimulated by a high ionic strength [17,26] however, the [S]„ <- values 

for methyl viologen semiquinone monomer and dimer decrease upon increasing ionic 

strength [17]t Since the kinetics of the hydrogen production activity with flavo­

doxin at pH 8 were determined in Tris-HCl buffer and the kinetics at pH 5.5 in 

phosphate buffer, respectively representing a buffer with low and high ionic 

strength, the decrease in [S]n ,. value might partially be due to the difference 

in ionic strength of these buffers. 

It is noteworthy that the enzyme preincubated under oxidizing conditions 

(irreverisbly oxidized enzyme), which shows an increase in activity of about 1.6 

times [26], shows an identical behaviour in the hydrogen production activity on 

changing the pH and redox potential. At each combination of pH and redox poten­

tial the hydrogen production activity is about 1.6 times higher than that of the 

reduced enzyme (data not shown). 
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If it is assumed that the kinetics of the hydrogenase with methyl viologen 

semiquinone [17] are unaltered at low pH values a turnover number of 0.8-1.7 x 

10 moles H2 produced (sec.mole hydrogenase) can be calculated. The fact that 

the extrapolated turnover number with flavodoxin hydroquinone 0.4-1.6 x 10 moles 

H- produced (sec.mole hydrogenase) ) is an order of magnitude lower indicates 

the existence of a flavodoxin hydroquinone-hydrogenase enzyme-substrate complex. 

The turnover numbers for the hydrogen oxidation activity with benzyl and methyl 

h 
,-1 

viologen are respectively 1.3 x 10" (calculated) and 5.9 x 10 (estimated) moles 

H? oxidized (sec.mole hydrogenase) 
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6. SUMMARY 

This thesis is concerned with the purification and properties of hydrogenase 

from the obligate anaerobic rumen bacterium Megasphaera elsdenii. In chapter 1 

the motives underlying this thesis, the physiological role of hydrogenase in 

some heterotrophs, including Megasphaera elsdenii, as well as a comparison of 

physico-chemical and kinetic properties of purified hydrogenase preparations 

from microorganisms, showing great variations in physiology and taxonomy, are 

given. The physiological role and the physico-chemical and kinetic properties of 

the hydrogenases from Megasphaera elsdenii and Clostridium pasteurianum show 

great similarities. 

In chapter 2 the procedure for the anaerobic purification of hydrogenase 

from Megaspha.era elsdenii is given. Two activity bands are separated on DEAE-

cellulose chromatography, of which one (fraction I; see Table 1 of this chapter) 

represents a different hydrogenase or a complex of the enzyme in fraction II. 

Kinetics with the purified enzyme of the hydrogen production activity at pH 8, 

with the electron donors flavodoxin hydroquinone, reduced ferredoxin and methyl 

viologen semiquinone show non-linear double reciprocal plots of the activity ver­

sus the electron donor concentration. Two kinetic models were developed, with an 

identical general rate equation for the hydrogen production activity, which des­

cribe a random mechanism for the reaction of the oxidized enzyme with a proton 

and a reduced electron donor. These models also indicate that the hydrogenase 

accepts the two electrons necessary for hydrogen production in two separate, in­

dependent steps. Hydrogen oxidation with methyl and benzyl viologen shows, in 

contrast to hydrogen production, Michaelis Menten kinetics. In chapter 3 effectors 

of the hydrogenase activity, such as salts (which have hydrophylic properties) 

Me~SO and ethylene glycol (which have hydrophobic properties), and oxidants 

(oxygen, ferricyanide, Cl-Ind, (bi)sulphite) are described. The data show that 

the more chaotropic the anion of the salt the greater the increase in activity, 

per mole salt used. Both Me2SO and ethylene glycol inhibit the hydrogen evolution 

activity, however, Me?SO stimulates the hydrogen oxidation activity, while ethy­

lene glycol does not affect this activity. Careful oxidation of the reduced en­

zyme with (bi)sulphite or Cl2Ind irreversibly increases the activity of the en-
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zyme by about 60%; in contrast, oxygen and ferricyanide inactivate the enzyme. 

This irriversibly oxidized enzyme, which shows identical kinetic properties to 

the reduced enzyme, is more resistant to the effects of oxygen, Me?S0 and stor­

age, than the reduced enzyme. Difficulties encountered in ascribing redox poten­

tials to the observed EPR spectra of hydrogenase at several redox states, such 

as the effects of temperature on the Nernst equation, on the apparent pH and on 

the midpoint potentials of the redox species, are described. 

In chapter 4 the theoretical aspects are described to determine the hydro­

gen production activity spectrophotometrically in a series coupled redox reac­

tions as function of the pH and redox potential, as well as the limitations of 

this method. The hydrogen production activity is determined from the decrease in 

concentration of the reduced electron donor, or increase in the concentration 

of the oxidized electron donor. The changes in concentration of the reduced or 

oxidized electron donor do not equal the amount of hydrogen produced but only 

represent a measure of the actual amount of hydrogen produced. 

In chapter 5 the method as described in chapter 4 is used to study the 

effects of pH and redox potential on the hydrogen production activity. The hy­

drogen production activity is strongly pH- and redox potential-dependent; the 

activity patterns observed as function of pH and redox potential are independent 

of the nature of the electron donor used and thus represent a property of the 

enzyme. If at a given pH the activities are considered to express the degree of 

reduction of the enzyme the dependence of the activity on the redox potential 

represents a n=2 type redox titration curve with an 'apparent midpoint potential' 

which corresponds with the potential of the hydrogen electrode at that pH. To ex­

plain the effects of redox potential, proton and electron donor concentration 

on the hydrogenase activity Model I of chapter 2 was slightly adapted without 

changing its general rate equation for the hydrogen production activity. This 

model also explains the 'loss' of electrons of the reduced enzyme in EPR spec­

troscopy as well as the formation of HD together with DD during I-L-D-O exchange 

experiments. 
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7. SAMENVATTING 

Dit proefschrift beschrijft de zuivering en enige eigenschappen van het 

hydrogenase geïsoleerd uit de obligaat anaerobe pens-bacterie Megasphaera els-

denii. 

In hoofdstuk 1 worden de motieven, die aan dit onderzoek ten grondslag lig­

gen, gegeven. Eveneens wordt een vergelijking gemaakt, aan de hand van fysisch-

chemische en kinetische eigenschappen, tussen gezuiverde hydrogenase preparaten, 

geïsoleerd uit micro-organismen, die onderling een grote variatie in fysiologie 

en taxonomie vertonen. Uit deze vergelijking blijkt, dat de fysiologische rol en 

de fysisch-chemische en kinetische eigenschappen van de hydrogenasen geïsoleerd 

uit M.elsdenii en C.pasteurianum grote overeenkomsten vertonen. 

In hoofdstuk 2 wordt de procedure beschreven voor de anaerobe zuivering van 

het M.elsdenii hydrogenase. Het blijkt, dat bij chromatografie op een DEAE-cellu-

lose kolom twee fracties worden gescheiden, die beide hydrogenase activiteit be­

vatten. Uit één fractie wordt het in dit proefschrift beschreven hydrogenase ge­

ïsoleerd. Tot nu toe is het nog niet gelukt een hydrogenase uit de andere fraktie 

te isoleren. Het is niet duidelijk of het nog niet gezuiverde hydrogenase een 

ander enzym is, of een complexe vorm van het gezuiverde enzym. Kinetiek met het 

gezuiverde enzym van de waterstof productie activiteit bij pH 8, met de electron-

donoren flavodoxine hydroquinon, gereduceerd ferredoxine en methyl viologeen 

semiquinon laat zien dat het enzym niet voldoet aan Michaelis-Menten kinetiek. 

Om het kinetisch gedrag te verklaren werden twee modellen ontworpen, waarvan de 

algemene vergelijking voor de waterstof productie activiteit identiek is. Deze 

modellen beschrijven een mechanisme, waarbij het geoxideerde enzym willekeurig 

kan reageren met een proton of een gereduceerd electron-donor. Deze modellen be­

schrijven eveneens, dat het hydrogenase de twee electronen die nodig zijn om 

waterstof te kunnen vormen opneemt, in twee gescheiden, onafhankelijke stappen. 

In tegenstelling tot de waterstof productie activiteit vertoont de waterstof oxi­

datie activiteit, met methyl en benzyl viologeen als electron-acceptoren, Michae-

lis-Menten kinetiek. 

In hoofdstuk 3 wordt beschreven hoe, door variatie van het milieu, door 

middel van zouten (hydrofiel) en hydrofobe stoffen zoals Me?SO en ethyleen glycol, 
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en door oxidantia (zuurstof, ferricyanide, Cl^Ind, (bi)sulfiet) de hydrogenase 

activiteit wordt beïnvloed. Uit de gegevens blijkt, dat, hoe chaotroper het anion 

van het zout, hoe groter de toename van de activiteit per mol zout. Me^SO en ethy-

leen glycol remmen beide de waterstof productie activiteit, Me2SO echter stimu­

leert de waterstof oxidatie activiteit, terwijl ethyleen glycol hierop geen effect 

heeft. Voorzichtige oxidatie van het gereduceerde enzym met (bi)sulfiet of Cl?Ind 

verhoogt de activiteit van het enzym irreversibel met ongeveer 60%, dit in tegen­

stelling tot ferricyanide en zuurstof, deze oxidantia inactiveren het enzym. Dit 

'irreversibel' geoxideerde enzym is stabieler tijdens opslag en is resistenter 

tegen de effecten van zuurstof, en Me?SO, dan het gereduceerde enzym. Er is geen 

verschil in kinetische eigenschappen gevonden tussen deze vorm van het enzym en 

het niet geactiveerde enzym. Tevens worden de moeilijkheden beschreven om redox 

potentialen toe te schrijven aan EPR spectra van het hydrogenase in verschillende 

redox toestanden, zoals het effect van de temperatuur op de vergelijking van 

Nernst, de schijnbare pH, en op de 'midpoint' potentiaal van redox species. 

In hoofdstuk 4 worden de theoretische aspecten beschreven om de waterstof 

productie activiteit als functie van de pH en redox potentiaal, speetrofotome­

trisch te bepalen in een serie gekoppelde redox reacties, tezamen met de beperk­

ingen van deze methode. De waterstofproductie activiteit wordt bepaald uit de 

afname van de concentratie van de gereduceerde electron-donor, of uit de toename 

van de concentratie van de geoxideerde electron-donor. Deze verandering in con­

centratie van de gereduceerde of geoxideerde electron-donor is niet gelijk aan 

de hoeveelheid geproduceerde waterstof, maar is een maat voor deze hoeveelheid. 

In hoofdstuk 5 wordt de methode, zoals beschreven in hoofdstuk 4, gebruikt 

om de effecten van de pH en redox potentiaal op de waterstof productie activiteit 

na te gaan. Het blijkt dat deze activiteit sterk afhangt van de pH en redox po­

tentiaal. De waargenomen activiteitscurven als functie van de pH en redoxpoten-

tiaal zijn onafhankelijk van het type electron-donor (methyl viologeen of flavo-

doxine) en vertegenwoordigen daardoor een eigenschap van het hydrogenase. Indien, 

bij een gegeven pH, de activiteiten worden beschouwd als maat voor de graad van 

reductie van het enzym, dan blijkt, dat het verband tussen activiteit en redox 

potentiaal opgevat mag worden als een n=2 type redox titratiecurve. Hierbij komt 

de schijnbare 'midpoint' potentiaal overeen met de potentiaal van de waterstof 

electrode bij die pH. Om de effecten van de electron-donor concentratie, de redox-

potentiaal en de pH te kunnen verklaren, werd het mechanisme zoals beschreven in 

hoofdstuk 2, enigszins aangepast, zonder de mathematische formulering van de re­

actievergelijking voor de waterstof productie activiteit te veranderen. Dit model 
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verklaart eveneens het 'verlies' aan electronen van het gereduceerde enzym 

tijdens EPR spectroscopie en geeft ook een verklaring voor de vorming van DD naar 

HD gedurende H2~D?0 uitwisselings experimenten. 
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