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Abstract 

Deha/ospirillum mu/tivorans is a strictly anaerobic bacterium, which is able to 
utilize H 2 as electron donor and tetrachloroethene (PCE) as electron acceptor 
in its energy metabolism. Energy is derived from PCE reduction via electron 
transport phosphorylation (tetrachloroethene respiration). PCE is reductively 
dechlorinated via trichloroethene (TCE) to cis-l,2-dichloroethene (DCE). This 
process was characterized in detail with respect to its physiology and 
biochemistry. 

Introduction 

Tetrachloroethene (PCE) is a volatile chlorinated hydrocarbon, which is a fre
quent pollutant of ground water or soil due to ist extensive use during the last 
50 years in e. g. fat extraction, dry cleaning of textiles, and machine scouring. 
Because of its toxic effects on biological systems on the one hand and its effect 
on the ozone layer of the atmosphere on the other hand, the application of PCE 
is no longer desirabie. Efforts have been undertaken to substitute for this com
pound and to decontaminate polluted environments. During the last few years, 
the application of bioremediation has been discussed (see e. g. Vogel and 
McCarty, 1985; Freedman and Gossett, 1989). A prerequisite for bioremediation 
of PCE polluted environments is the availability of bacteria capable of PCE 
dechlorination. 

Due to the four chlorine substituents, the carbon backbone of PCE is highly 
oxidized. Therefore, it cannot be easily attacked by oxygen, resulting in per
sistence of PCE under aerobic conditions. Biotransformation of PCE obviously 
occurs exclusively under anaerobic conditions involving reductive dechlorination 
of the compound. 

So far, complete reductive dechlorination of PCE to ethene (or ethane) has 
only been observed in mixed cultures (Freedman and Gossett, 1989; DiStefano 
et al., 1991; De Bruin et al., 1992), which converted PCE via trichloroethene 
(TCE), dichloroethene (DCE), and vinyl chloride (VC) to ethene (or ethane). 

Recently, efforts were undertaken to isolate pure cultures of anaerobic bac
teria ab Ie to dechlorinate PCE. Pure cultures of' Deha/obacter restrictus' 
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(Holliger and Schumacher 1994) and of Dehalospirillum multivorans (Neumann 
et al. , 1994; Scholz-Muramatsu et al., 1995) have been described to reductively 
dechlorinate PCE to cis-l,2-dichloroethene (DCE) in their energy metabolism 
and to couple this reaction to energy conservation (tetrachloroethene respira
tion) (Scholz-Muramatsu et al., 1995; Schumacher and Holliger, 1996). Both 
organisms are ab Ie to grow at the expense of H 2 and PCE as sole energy SOUf

ces. The process of tetrachloroethene respiration upon growth on these sub
strates is schematically summarized in Fig. 1. 

A coupling of A TP synthesis to reductive dechlorination is only feasible if 
therrnodynamically favourable. The ~GO ' value for PCE reduction with H2 
according to the equation 

PCE + 2H 2 -+ cis-l ,2-DCE + 2H + + 2CI -

is about - 376 kj/mol. Hence, PCE reduction with H 2 is a highly exergonic 
reaction, which is due to the positive standard redox potential at pH 7, EO', of 
the couples PCE/TCE (+580 mV) and TCE/DCE (+540 mV). For micro
organisms, PCE is - besides several transition metal ions - the most positive
potential electron acceptor under anoxic conditions. PCE reduction was studied 
in detail with D. mu/tivorans. In this comrnunication, the physiology, energetics, 
and biochemistry of PCE reduction in this organism will be described. 

Dehalospirillum mu/tivorans 

D. multivorans is a gram-negative strict anaerobe, which clusters with the e-sub
group of the Proteobacteria. In contrast to 'D. restrictus', which is restricted to 
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Fig. 1. Simplified scheme of tetrachloroethene respiration. A TP is formed excIusively in the 
reductive part of the energy metabolism via electron transport phosphorylation. 
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H2 and PCE as energy source, D. multivorans is an organism with a relatively 
wide substrate spectrum. Besides H2' the organism utilizes formate, pyruvate, 
glycerol, lactate, and ethanol as electron donors for catabolic reduction reac
tions. Alternative electron acceptors in energy metabolism are fumarate, nitrate, 
and possibly also sa (Scholz-Muramatsu et al., 1995). The only substrate 
utilized in the absence of an electron acceptor is pyruvate. 

The ability to dechlorinate PCE appears to be constitutive, at least in the 
strain investigated. This facilitated the investigations on tetrachloroethene reduc
tion considerably, since with pyruvate plus fumarate and in the presence of yeast 
extract growth is very fast (td ~ 1-2 h) and results in high cell yields. When the 
bacterium was grown on a defined medium with H 2 and PCE as sole energy 
sources and acetate as carbon source (the organism is not capable of auto
trophic CO2 fixation), the organism grew much slower (td ~ 20 h) at aspecific 
growth yield of at most 2.8 g cells (dry weight) per mol CI- released. The low 
growth yields with PCE are surprising with respect to the favourable thermo
dynamics of PCE reductive dechlorination (see above). A possible explanation 
for this observation will be discussed below. 

Purification and properties of tetrachloroethene reductive dehalogenase 

The tetrachloroethene reductive dehalogenase (PCE dehalogenase) catalyzes in 
vitro the reduction of PCE to TCE and of TCE to DCE with reduced methyl 
viologen as artificial electron donor (Neumann et al., 1994, 1995). Methyl 
viologen is blue in its reduced state and colourless in its oxidized state. PCE 
reduction can easily be measured spectrophotometrically by the decrease in 
absorbance at 578 nm. Although in crude extracts the enzyme is not oxygen sen
sitive, the assay has to be performed under anoxic conditions. The reduction of 
PCE via TCE to DCE is shown in Fig. 2. 

The enzyme exhibits catabolic activities in crude extracts. Incubation of 
extracts in the presence of low concentrations of propyl iodide led to a rapid 
~nactivation of the enzyme; this was only observed under reducing conditions, 
I.e. 
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Fig. 2. Tetrachloroethene reductive dechlorination to dichloroethene catalyzed by 
tetrachloroethene reductive dehalogenase. 

G. Diekert 197 



in the presence of titanium(I1I) citrate. In the absence of an electron donor, 
the enzyme remained unafTected by the alkyl halide. The inactivation could be 
reversed by illumination. These findings pointed to the involvement of a 
corrinoid in reductive PCE dechlorination (Neumann et al., 1995). From the 
data, the reaction mechanism depicted in Fig. 3 may be derived. 

It is known for 'free' and protein-bound corrinoids that the standard redox 
potential at pH 7, depending on the corrinoid type, of the couple cob(I1)/ 
cob(l)alamin is lower than -0.5 V, whereas that of cob(I1I)/cob(I1)alamin is far 
more positive. According to the scheme depicted in Fig. 3, one low-potential 
electron and one electron at a more positive potential would be required for the 
reductive dechlorination of PCE or TCE. 

The involvement of a corrinoid in reductive dechlorination is not surprising, 
since it was known from earl ier studies, that corrinoids media te the abiotic 
dehalogenation of halogenated methanes in the presence of an electron donor 
(Krone et al., 1989, 1991). However, no significant abiotic dechlorination of 
PCE occurred in the presence of corrinoids and Ti(III) citrate (unpublished 
results). Therefore, PCE dehalogenation has to be considered as abiotic rather 
than an abiotic process. 

The PCE dehalogenase was purified approximately 100-fold to apparent 
homogeneity from pyruvate/fumarate-grown cells (Neumann et al. , 1996). The 
purified enzyme mediated PCE dechlorination at a rate of near 2600 nkat.mg - I. 

It consisted of one single subunit of an apparent molecular mass of 57 kDa; gel 
filtration revealed an apparent molecular mass of 58 kDa. Per 1 mol monomeric 
enzyme 1 mol corrinoid (or 1 mol cobalt), about 8 mol Fe, and 8 mol acid-Iabile 
sulfur we re detected. 

In the meantime, the gene encoding PCE dehalogenase has been cloned in 
Escherichia coli. Sequencing of the gene is currently performed in our laboratory. 
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R 

~ 
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Fig. 3. Tentative scheme of the reaction mechanism of PCE deha\ogenase. [Co] indicates the 
corrinoid in the respective oxidation state. The cobalt has to be in the + I state to be alkylated 
by the alkyl halide (PCE or TCE = R-CI). For the reduction of cob(II)alamin to cob(I)alamin 
(reaction I) a low-potential electron is required. 
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Studies on energy conservation via tetrachloroethene respiration 

It has already been mentioned that PCE reduction with H2 is a thermodynami
cally favourable process due to the positive standard redox potentials EO' of the 
couples PCE/TCE (+580 mV) and TCE/DCE (+540 mV). The potential dif
ference between H 2 (EO' H + /H2 = -414 mV) and PCE or TCE, respectively, is 
more than 0.9 V (under standard conditions at pH 7), which would theoretically 
account for about 9 mol electrogenic protons translocated across the cyto
plasmic membrane per mol Cl - released. Assuming that 3 protons are required 
for the synthesis of 1 A TP in the ATP synthase reaction (like in other 
organisms), the synthesis of approximately 3 mol A TP per mol CI- would be 
feasible. In this case, a specific growth yield Y s of about 15-20 g cells (dry 
weight) per mol Cl- could be obtained. 

This theoretical value is far away from what has been measured with D. multi
vorans (2.8 g/mol; see above), even if the value given for standard conditions is 
corrected for the actual experimental conditions. This finding indicated that a 
proton pump is not involved in energy conservation via PCE respiration. 

The reason for this discrepancy is probably the reaction mechanism of the 
enzyme, especially the involvement of a corrinoid as prosthetic group. As out
lined in Fig. 3, The redox potentialof the cob(II)/cob(l)alamin couple is in 
theory lower than or equal to - 0.5 V. Therefore, it was assumed th at a low
potential electron donor is required for PCE reduction. We studied the influence 
of the redox potential on PCE reduction as weil as the enzyme activity with elec
tron donors of similar structure (mostly viologens) and different redox potentials 
(Miller et al., unpublished results ). The enzyme activity was dependent on the 
redox potential with an estimated half-maximal velo city at about -0.4 V. With 
different artificial electron donors, a significant enzyme activity was only obser
ved when the redox potentialof the electron donor was lower than - 0.36 V. 
These findings support the assumption that a low-potential electron donor is 
required for reductive dechlorination of PCE and that the redox potentialof the 
prosthetic group is lower than or close to - 0.4 V. 

To elucidate the mechanism of energy conservation in tetrachloroethene 
respiration, it is important to know the cellular localization of the enzymes 
involved in the process. The hydrogenase was membrane-associated and faced 
the periplasm, whereas the PCE dehalogenase appeared to be asolubie, 
cytoplasmic enzyme. The electrons derived from H 2 oxidation have to cross the 
membrane from the outside to the inside of the cello A simp Ie model for energy 
conservation coupled to PCE reduction is shown in Fig. 4. This model involves 
an energy conservation mechanism similar to that of fumarate respiration in 
Wo/inella succinogenes (Kröger et al., 1992), with the exception that fumarate 
reductase is membrane associated. 

The problem with the model depicted in Fig. 4 is the transfer of an electron 
(EO' = -414 mV) derived from H 2 oxidation outside the cell to the corrinoid 
(EO' cob(II)/cob(I)alarnin ~ -400 mV) of the PCE dehalogenase inside the cell 
(see Fig. 3, reaction 1) against an electrochemical proton potential ~p of ab out 
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Fig. 4. Simple model of tetrachloroethene respiration in D. multivorans. 

-200 mV (which is the ave rage ~p found so far for all organisms). This 
problem can be solved assuming that the low-potential electron required for 
cob(lI)alamin reduction has to be translocated across the cytoplasmic mem
brane involving a reversed electron flow according to the model depicted in 
Fig. 5. 

The other, positive-potential electron (required for reaction 3 in Fig. 3) is 
driven across the membrane by the potential difTerence between H + /H 2 and 
cob(III)/cob(lI)alamin. Assuming a H+/ATP stoichiometry of3:1, the resulting 
A TP yield per mol chloride ion released would be about 1/3. This would be in 
accordance with the low growth yields observed for the organism (see above). 

To confirm or disprove the involvement of a reversed electron flow, 
preliminary studies on the influence of ionophores on PCE reduction in who Ie 
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Fig. 5. Model of tetrachloroethene respiration involving a reversed electron flow. One electron is 
translocated along with a proton in a reversed electron flow. 
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Fig. 6. Oetailed tentative scheme of tetrachloroethene respiration. The low-potential electron required 
for the reduction of cob(II)alarnin to cob(I)alamin (represented by Co(II) and Co(I)) is driven across 
the membrane by a reversed electron flow. X and Y are unknown secondary electron carriers. 

cells we re performed. Assuming that an eletrochemical proton potential is 
required to drive the low-potential electron across the membrane, ionophores 
should prevent reductive dechlorination of PCE. This was in deed observed for 
the ionophores tetrachlorosalicylanilide, FCCP, nigericin and/or valinomycin 
(plus K + ) (data not shown). These results were interpreted to support the 
hypothesis that a reversed electron flow is involved in PCE reductive dechlorina
tion in D. multivorans. Whether this is a general feature of dehalorespiration (i.e. 
reductive dehalogenation coupled to energy conservation via a chemiosmotic 
mechanism), will have to await further studies on other bacteria mediating 
reductive dehalogenation in their energy metabolism. These studies are currently 
underway in our laboratory. Fig. 6 summarizes a more detailed model of PCE 
reductive dechlorination in D. multivorans involving a reversed electron flow. 
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