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Abstract Respiration of Dehalobacter restrictus is based on
reductive dechlorination of tetrachloroethene. The terminal
component of the respiratory chain is the membrane-bound
tetrachloroethene reductase. The metal prosthetic groups of the
purified enzyme have been studied by optical and EPR spectro-
scopy. The 60-kDa monomer contains one cobalamin with
En(Co'*/2)=—350 mV and E_,(Co?*/3+)>150 mV and two
electron-transferring [4Fe—4S]|2H1) clusters with rather low
redox potentials of E,,, = —480 mV. The cob(I)alamin is present
in the base-off configuration. A completely reduced enzyme
sample reacted very rapidly with tetrachloroethene yielding base-
off cob(IT)alamin rather than trichlorovinyl-cob(III)alamin.

© 1997 Federation of European Biochemical Societies.

Key words: Tetrachloroethene reductase; Reductive
dechlorination; Cobalamin; Iron-sulfur; Dehalobacter
restrictus

1. Introduction

The xenobiotic solvent tetrachloroethene (or: perchloro-
ethene, PCE) belongs to the most frequently detected halo-
genated contaminants in the environment. Under anaerobic
conditions it is reductively dechlorinated. Recently, two anae-
robic bacterial strains, Dehalobacter restrictus [1,2], and De-
halospirillum multivorans [3], were isolated which grow by oxi-
dation of Hy coupled to reductive dechlorination of PCE to
cis-dichloroethene and chloride. A chemiosmotic mechanism
of energy conservation with PCE as terminal electron acceptor
was demonstrated for D. restrictus [2]. The PCE reductase, the
terminal component of the respiratory chain of D. restrictus,
is located in the cytoplasmic membrane, facing to the cyto-
plasm. The photoreversible inactivation of PCE reduction by
1-iodopropane indicated the involvement of a Co(I)-cobamide
in reductive dechlorination catalyzed by D. multivorans [4] and
D. restrictus [2]. Recently, a PCE reductive dehalogenase from
D. multivorans was isolated as a soluble cytoplasmic protein
[5]. It was shown to be a corrinoid iron-sulfur protein. Cob-
(Dalamin was suggested to be the active site. Reductive de-
chlorination of PCE was also shown to be mediated by free
cobalamin in homogeneous aqueous solution with the low
potential electron donor Ti(III) citrate [6,7]. The latter study
suggested that the first step during reductive dechlorination of
PCE is a dissociative single electron transfer.

The catalytic mechanism of enzymatic reductive dechlorina-
tion of PCE is not known. It is necessary for the development
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of a mechanistic model to determine the structure and the
redox potentials of the redox active cofactors. Here, we report
on the optical and EPR spectroscopic and redox equilibrium
properties of the transition metal cofactors of the PCE reduc-
tase from D. restrictus.

2. Materials and methods

2.1. Cultivation and protein purification

Dehalobacter restrictus (DSMZ 94557) was cultivated with PCE as
electron acceptor and H, as electron donor in a two-liquid-phase
system as previously described [2]. All subsequent steps were carried
out at 4°C under exclusion of oxygen. Cell harvest was done with a
Padberg continuous centrifuge (40 000 rpm, 25 V/h, 4°C). Washed cells
(400 g wet weight 171) in 25 mM Tris-HCI buffer, pH 7.8, were broken
by ultrasonification as previously described [2]. The resulting crude
extract was incubated (15 min, 20°C) in the presence of 0.5 M KCl
and 0.1% (w/v) octyl-p-glucopyranoside and subsequently fractionated
by centrifugation (200000X g, 1 h, 4°C). The pellet was resuspended
in 25 mM Tris buffer, pH 8, and extracted (30 min, 20°C) by addition
of Triton X-100 to a final concentration of 1.2% (w/v). After centri-
fugation (200000X g, 1 h, 4°C) the membrane extract (supernatant)
was loaded on a Q-Sepharose column (2.6X8 c¢m) connected to a
Jasco HPLC system and eluted (2 ml/min) with 300 ml of a linear
NaCl gradient (0-0.35 M) in 25 mM Tris buffer, pH 8, 0.1% Triton X-
100. The purity of the enzyme was followed by SDS-PAGE after
silver staining and photometric activity measurement with methyl
viologen as previously described [2]. Protein was determined with
bicinchoninic acid [8]. Cobamide extraction from the as isolated en-
zyme and reversed phase HPLC analysis was done as in [9]. Identi-
cally treated cyanocobalamin (vitamin B;,, Sigma) was the standard.
Optical absorption spectra were recorded on a Hitachi U-2000 spec-
trophotometer using l-cm quartz cuvettes.

2.2. Titrations and spectroscopy

The enzyme was redox-titrated at 22°C in the presence of a mixture
of 13 dye mediators as previously described [10,11]. The potential was
measured at a platinum wire versus an Ag/AgCl reference electrode.
All potentials reported are versus NHE, i.e. obtained by adding +195
mV to the measured potential. By substoichiometric addition of so-
dium dithionite the protein was stepwise reduced, and EPR samples
were drawn at redox equilibrium. The protein concentration was typ-
ically 4 mg/ml in 25 mM Tris buffer, pH 8 and each mediator was
present in a concentration of 35 uM. Complete reduction was ob-
tained by the method of Massey and Hemmerich [12] by light irradi-
ation of an EPR sample to which 10 uM 5-deazaflavin and 2 mM
EDTA was added. The light was from a 150 W tungsten lamp and
was directed onto the EPR tube through glass fiber optics.

EPR spectroscopy was carried out on a Bruker 200 D spectrometer
equipped with cryogenics, peripheral equipment, and data acquisition/
manipulation facilities as described previously [11]. Cobalt(II) spectra
were simulated with our FORTRAN PC-program ‘KOPER’ (cf. [13—
15]), which was recently used for the simulation of cobalamin spectra
from a methyltransferase [16]. Under the assumption of tensor coli-
nearity the program incorporates second-order metal hyperfine inter-
action, first-order ligand hyperfine interaction, linewidth varying with
metal nuclear orientation. Iron-sulfur spectra were simulated with our
FORTRAN PC-program ‘G4’, which is a generator for multi compo-
nent, effective S =1/2 spectra broadened by g-strain [17-19].
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3. Results

3.1. Protein analytical data

The PCE reductase activity of the membrane fraction was
anaerobically purified by anion exchange chromatography to
98% electrophoretic homogeneity (silver stained for proteins;
not shown) in a large scale procedure. The enzyme migrated
under denaturing conditions in SDS-PAGE with an apparent
molecular mass of 60 kDa. The specific activity was deter-
mined to be 11.9 pmol Cl- produced mg ' min! in the
methyl viologen linked assay [2]. The electronic spectrum of
the as isolated enzyme (Fig. 1) exhibited a broad absorbance
between 400 and 500 nm. The absorbance maximum at 412
nm, as identified by a relative minimum in the second deriv-
ative of the spectrum, is indicative for iron-sulfur proteins of
the [4Fe—4S]+14) type. Cyanolysis of the PCE reductase and
subsequent analytical reversed phase HPLC of the extract
revealed the presence of a cobamide in the enzyme. The rela-
tive retention time of the cobamide during HPLC as well as
the absorbance maxima at 279, 361, 520 and 550 nm (inset
Fig. 1) were identical to purchased 5,6-dimethylbenzimidazole
cobamide (cobalamin, vitamin Bys) that was treated analo-
gously. A stoichiometry of 0.59+0.02 cobalt atoms per 60-
kDa protein was determined for three different preparations
by means of inductively coupled plasma mass spectrometry.

3.2. Cobalt EPR spectroscopy

When the as isolated PCE reductase buffered at pH 8.0 was
poised at a redox potential of =0 V, a single S=1/2 EPR
signal was observed from low-spin Co(II), 3d”, with hyperfine
splitting from the 7=7/2 nucleus of *Co (Fig. 2A). A simu-
lation of the spectrum is given in Fig. 2B, and the simulation
parameters are listed in Table 1. The spectrum is characteristic
for the base-off form of a cobaltous corrinoid with its well
resolved central hyperfine splitting both in the xy- and the z-
direction, and with its sharp lines in the z-direction unsplit by
ligand hyperfine interaction [16,20,21]. Quantification versus a
Cu(Il) standard gave 0.9 S=1/2 per cobalt atom.

Reduction of the protein with excess dithionite resulted in
the disappearance of the cobalt signal, consistent with a re-
duction to the Co(I) state, concomitant with the appearance
of an Fe/S signal (see below). Oxidation by incubation for
5 min at ambient temperature with excess of the oxidant di-
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Fig. 1. Optical absorption spectrum of the as isolated D. restrictus
tetrachloroethene reductase, 0.5 mg/ml, in 25 mM Tris buffer, 0.1%
Triton X-100, pH 8.0 and of the cob(Ill)amide extracted from the
enzyme (inset). The cobamide was extracted by cyanolysis and sub-
sequently purified by HPLC.
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Fig. 2. Cob(IDalamin EPR spectra of D. restrictus tetrachloroethene
reductase as a function of pH. Trace A, spectrum of 4 mg/ml en-
zyme in 25 mM Tris-HCI buffer, pH 8.0, poised at a redox potential
of —27 mV. Trace B, simulation of A (see Table 1 for parameters).
Trace C, spectrum of enzyme in 125 mM Ches buffer, pH 9.6,
poised at redox potential of —293 mV. Trace D, difference spectrum
of C minus A. Trace E, simulation of D. EPR conditions: micro-
wave frequency, 9416 MHz; microwave power, 1.3 mW; modula-
tion frequency, 100 kHz; modulation amplitude, 1 mT; tempera-
ture, 20 K. The radical signals at g=2 are from redox mediators.

chlorophenole indophenole (DCIP, Eyg=+150 mV at 30°C
[22] did not significantly affect the cobalt signal indicating a
high E,, for the oxidation to Co(Ill). DCIP-oxidation also
resulted in the appearance of a near-isotropic signal peaking
at g=2.015 typical for [3Fe-4S]'* (not shown). This latter
signal is of low intensity, 0.06.5=1/2 per 60 kDa, and is pre-
sumably a minor breakdown product.

When the pH was raised to 9.6 with Ches buffer, the cobalt
signal of samples poised at Ey95=0 V remained unchanged
in shape but decreased in amplitude. Upon lowering the po-
tential to —0.3 V a second cobalt signal was observed on top
of the original signal (Fig. 2C). Subtracting the base-off signal
from this complex spectrum resulted in the difference spec-
trum of Fig. 2D. Quantification of both the subtracted spec-
trum and the resulting difference spectrum indicates approx-
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imately equal spin concentration for the two forms of Co(Il).
A simulation of the spectrum from the second Co species is
given in Fig. 2E. The spectral parameters are characteristic for
cobalamin in the base-on configuration: a significant contri-
bution from nitrogen superhyperfine interaction in the z-direc-
tion and a highly anisotropic Co hyperfine interaction.

3.3. Iron-sulfur EPR spectroscopy

When the protein was titrated to potentials below —0.3 V a
signal appeared that is typical for [4Fe—4S]'*: one g-value
greater than g, =2.00 and two g-values around g=1.9; onset
of relaxational broadening upon heating was observed at
T=25 K. Fig. 3A is the spectrum of a sample poised at a
potential of —0.32 V. In addition to the isotropic signal from
mediator radicals the powder derivative spectrum exhibits
more than three extrema (peaks and derivative features).
This indicates that the spectrum is not from a single compo-
nent. When the protein was reduced with excess dithionite at
high pH the spectrum of Fig. 3B was obtained. The powder
shape is significantly different from the spectrum in Fig. 3A. It
is characteristic for 8 Fe ferredoxins, i.e. two S=1/2 [4Fe—
4S]'* cubanes at a distance of approximately 1 nm in mutual
dipolar interaction [23,24].

However, spin quantification afforded only approximately
one spin per protein molecule. This indicates that the two
cubanes are only partially reduced. Further reduction of the
clusters with the stronger reductant titanium citrate (cf. [14])
was not informative because the Ti(IIT), 3d!, spectrum com-
pletely obscured the iron-sulfur spectrum. When the protein
was further reduced with the very strong reductant system
provided by light illumination of deazaflavin/EDTA, the spec-
trum of Fig. 3C was obtained. Comparison of the integrated
intensity to that of the cob(Il)alamin signal in oxidixed en-
zyme, above, gave a [4Fe—4S] to Co ratio of 2 to 0.8. Pro-
longed illumination did not lead to a further increase in signal
amplitude.

The integrated intensity of trace A in Fig. 3 is only 16% of
that of trace C. This means that the statistical chance for an
enzyme molecule in this preparation to have both cubanes
reduced is maximally (0.16)%, namely, when the two reduction

Table 1
Simulation parameters of EPR signals from D. restrictus tetrachlor-
oethene reductase

x-value y-value z-value

Co(II)bamide base-off

g-value 2.305 2.305 1.968

Ag, (mT) 6.5 6.5 12.9

Wy (mT) 9.5 9.5 4.0

B —0.07 —0.07 —0.03

C 0.025 0.025 0.03
Co(II)bamide base-on

g-value 2.24 2.18 1.98

Ago (mT) 1.0 1.0 10.5

Ay (mT) 0 0 1.8

W (mT) 3.5 35 3.5
Cubane-1

g-value 1.846 1.908 2.056

A 0.016 0.020 0.016
Cubane-2

g-value 1.919 1.946 2.052

A 0.006 0.005 0.006

W is the width of a Gaussian in field space with W= W;+Bm;+Cm;>
(cf. [13-16]); A is the width of a Gaussian in frequency space (cf. [17—
19)).
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Fig. 3. EPR spectra of reduced iron-sulfur cubanes in D. restrictus
tetrachloroethene reductase as a function of redox potential. Trace
A, spectrum of 4 mg/ml enzyme in 25 mM Tris-HCI buffer, pH 8.0,
poised at a potential of —319 mV. Trace B, enzyme in 100 mM
Ches buffer, pH 9.6, reduced by incubation for 10 min at ambient
temperature with 20 mM sodium dithionite (estimated end poten-
tial= —0.55 V). Trace C, enzyme in Tris-HCI buffer, pH 8.0, plus
10 uM deazaflavin and 2 mM EDTA after light irradiation for
5 min (estimated end potential=~—0.7 V). EPR conditions: micro-
wave frequency, 9.41 GHz; microwave power, 1.3 mW; modulation
frequency, 100 kHz; modulation amplitude, 1 mT; temperature,
14 K.

potentials are equal. Therefore, the spectrum in Fig. 3A is
dominated by the ‘pure’ spectra of non-interacting cubanes
from enzyme molecules in which only either one of the cu-
banes is reduced. This conclusion forms the premise for the
analysis presented in Fig. 4cf in which the spectrum was de-
convoluted by simulation as a sum of two g-strain broadened
§'=1/2 spectra. The resulting spectral parameters are reported
in Table 1. The ratio of the two component spectra indicated
that the cubane-2 with the sharp spectrum of Fig. 4D has a
significantly lower reduction potential.

3.4. Redox titrations and substrate effect

The valency of the prosthetic groups as a function of the
applied potential was determined by monitoring the EPR sig-
nals of the cob(Il)alamin and the [4Fe—4S]'* in reductive ti-
trations with dithionite. The results of titrations carried out in
Tris-HCI buffer, pH 8.0, and Ches buffer, pH 9.6, are pre-
sented in Fig. 5. All data have been fit to single-electron
Nernstian processes. The base-off cobalamin signal showed
maximal amplitude from the highest potential downwards,
and the cobalt reduced to the Co(I) state at a relatively high
potential of —350* 20 mV. This redox potential may have a
slight pH-dependence, however, much more protein and ex-
perimenting would be required to quantitatively establish this
dependence.
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A base-on form of the cob(Il)alamin was found by EPR at
pH 9.6 but not at pH 8.0. The Co(I/II) reduction potential for
the two forms was not significantly different, however, the
Co(II/TIT) potential for the base-on form was much lower
than for the base-off form: Ep, 96 =—240%20 mV. The two
potentials for the two subsequent one-electron reduction steps
of the base-on form are too close for the intermediate Co(IT)
form to reach 100% intensity (cf. Fig. SA). Since quantifica-
tion at E=—0.3 V indicated the spectra of the two forms to
have equal intensity, the base-on form must be the dominant
configuration at pH 9.6. In mediated titrations of the cubane
clusters it proved impossible to get full development of the
EPR intensity compared to that found with light/deazaflavin
reduction. The potential for the (1+/2+)-transition was esti-
mated to be —480 mV (Fig. 5B). Again, there may be a slight
pH dependence of the E,, but the present data set is insuffi-
cient to determine this dependence. Due to the incomplete
titration curve no significant difference in E, for the two
cubanes was identified although the plotted intensity is that
of integrated spectra.

All prosthetic groups in the enzyme were fully reduced by
5 min illumination with light in the presence of deazaflavin/
EDTA. When the substrate PCE was anaerobically added and
hand-mixed following by quick freezing in liquid nitrogen (i.e.
dead time=15 s), the EPR signal of the base-off cob(II)-
alamin was fully developed and EPR of the cubane was ab-
sent. Also, no radical signal was observed.

g= 2.05 1.91 1.85
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3 B
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©
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300 330 360 390
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Fig. 4. Analysis by simulation of the two-cubane EPR from D. re-
strictus tetrachloroethene reductase. Trace A (identical to trace A of
Fig. 3 is obtained at the onset of reduction when dipolar interaction
between cubanes is still insignificant. Trace B is a simulation of A
assuming two S=1/2 systems, broadened by colinear g-strain, in a
ratio (integrated intensity) of 20 to 1. Traces C and D are the indi-
vidual spectral components used to construct the sum-simulation in
trace B (see Table 1 for parameters).
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Fig. 5. Mediated redox titrations of tetrachloroethene reductase
from D. restrictus. Relative intensities of EPR signals from 4 mg/ml
enzyme have been plotted as a function of the equilibrium redox
potential in the presence of mediators (35 uM each). Trace A is
from Co(Il) signal amplitudes. The base-off form was measured at
£=2.3, pH 9.6 (W); the base-on form was measured at g=2.2, pH
8.0 (@) or 9.6 (+). Trace B is from integrated intensities of [4Fe-
48]+ signals at pH 8.0 (®) or 9.6 (+). The solid traces are least-
square fits to the Nernst equation for n=1 with the following £ -
values: A, —240 mV, —350 mV; B, —480 mV.

4. Discussion

The PCE reductase of D. restrictus is the final enzyme of
the PCE respiratory chain that catalyzes the reductive cleav-
age of a carbon chlorine bond. The enzyme was extracted
from the cytoplasmic membrane and purified in a soluble,
active form as a 60-kDa polypeptide containing approxi-
mately one cobamide and two iron-sulfur cubane cofactors.
Growth of D. restrictus strictly depended on the supplemen-
tation of the culture medium with vitamin By (our unpub-
lished results). Therefore, the cobamide present in the PCE
reductase is probably a dimethylbenzimidazole cobamide, i.e.
the cobalamin vitamin B;;. Chromatographic and optical
spectroscopic properties of the extracted cobamide confirmed
this assumption,

The redox potential of —350 mV for the base-off and the
base-on Co(I/II) redox couple is relatively high compared to
the redox potentials of other corrinoid enzymes: E,, =—504
mV for the base-off corrionoid/Fe-S protein of Clostridium
thermoaceticum [25], E,=-—526 mV for the base-on and
E,=—572 mV for the base-off cobalamin of Escherichia
coli methionine synthase [21], and E,=-—426 mV for the
base-on cobamide of N°-methyltetrahydromethanopterin:
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coenzyme M methyltransferase of Methanosarcina mazei [26].
The unusually high redox potential makes the cobalamin
easily reducible; it is not yet known which factor confers
this phenomenon to the cobalamin. The PCE reductase can
be reduced in vitro to the Co(l)-state with reduced methyl
viologen; in vivo it has probably not to be initially activated
by nucleoside triphospates [26] or by methylating substrates
[21] like other cobalamin proteins.

The iron-sulfur clusters are of the [4Fe—4S]®Ht) cubane
type. Their redox potentials are rather low, which indicates
that the clusters do not function as a storage of reducing
equivalents but only as electron-transfer devices. The two
low potentials are quite different from the potentials tenta-
tively postulated by Neumann et al. for the iron-sulfur clusters
of the D. multivorans reductive dehalogenase [5]. The reduced
cubanes can readily reduce the cobalamin to the Co(I) state,
which is consistent with the suggestion that no activation of
this enzyme is required to allow full reduction of the cobala-
min active site.

Incubation of the Co(I) enzyme with PCE yielded the
Co(Il) form quantitatively. Combined with the photoreversi-
ble inactivation of PCE dechlorination by 1-iodopropane re-
ported for D. restrictus [2] and D. multivorans [4] this indicates
that the cob(I)alamin is the active site of the PCE reductase.
In analogy to the dechlorination mechanism by free cobala-
min (Glod et al., 1997 [7]) the reaction mechanism of PCE
reductase presumably involves a dissociative single electron
transfer. This implies that Co(III) is not a physiologically
relevant redox state in the enzyme. Our findings do not sup-
port the formation of a trichlorovinyl-cob(IIl)alamin as the
product of an addition-elemination reaction as claimed for
PCE dechlorination by D. multivorans [5]. However, the vinyl
radical that should have been formed intermediately upon
dissociative single electron transfer has not been observed
yet in EPR. Kinetic (rapid mixing/rapid freezing) experiments
monitored with EPR should corroborate the proposed elec-
tron transfer mechanism.

The above can be summarized in the following single-clec-
tron transfer scheme:

Donor—cubane-2—cubane-1—cobalamin—PCE (acceptor)

The acceptor is PCE; the physiological donor has yet to be
identified. The electron flow from the periplasmically oriented
hydrogenase to the PCE reductase is mediated by menaqui-
none. However, menaquinone appears not to be the direct
electron donor since the analogue 2,3-dimethyl-1,4-naphtho-
quinone failed to directly react with the isolated PCE reduc-
tase (unpublished results). Elucidation of the complete res-
piration chain is in progress; a detailed biochemical
characterization of the PCE reductase of D. restrictus will
be published elsewhere.
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